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FUNDAMENTALS OF TELEPHONE TPA) SMISSION 
XNTRODUCTION 


The problems of the telephone transmission are usually 
treated on the toast: of the transmission of alternating 
currents. In presenting the princicies of alternating current 
transmission arid trcir practical application to telephone ‘> 
problems, it is of acvantage «ta start with the distribution 
of direct currents in electrical circuits. This is due to 
the fact that the same general relations hold for both al- 
ternating and direct currents. The presentation of these 
principles for direct currents is simpler because the two 
factors, frequency and time relation of current to voltage, 
are not involved. Furthermore, the veneralizationaof those 
relations to include these two fa.ic7s can be easily made 
and the principles Be direct curre:. flow in circuits extended 
to alternating currents. This presontation thus deais, first, 
with the derivation of the useful electrical relations for 
direct currents. second, with the fundamental disetinction 
between alternating end direct currents, and third, with the 
generalization of thcse relations =<c +rovwey alternating cur- 
rents. 

In what follows, a knowledge of the fundamentals of el- 
e@tricity is assumed. A presentetion of the material eovere 
by this essumption is given in a book by W. H. Timbie, entiti- 
"Blements of Electricitv" (pudlis’ce 1910 by John Wiley & Sons. 
Chapters 1 to Xl inc? sive, and Chapter XV. Teste: peck and 
also in this set of notes, the use o° nisner mathematics has *°; 
been avoided, the treatment being livited practically to the 


use of algebra. 
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The principles governing the f.c~ of direet currents. in 
circuits can be expressed in three J.avs, one known asyOhm's 
Law and two others known as Kirchoffis Laws. The determination 
of the distribution of direct current, voltage and power in a 


circuit is a matter of the application of these relations. 


4‘ Networks. 
lL. Phm's Law. : 
For a simole sdries circuit containing an electromotive 
force of voltage E and a resistance R, Ohm's Law states that 
the current I which vill flow through the resistance R is equal 
ito the voltage divided by the resistance. 
(ise, reterring <2 Stcure 1’, 
Tit (1) 
; = : 
This may also bs *<rrsssed in tne form that the voltage acrose 
the source His eque.. to the voltage irep V across the resist- 
ance, wvhus, 
E2# Ve IR oe 
In an electrical cirouit. containing several reo. stances 
in series, the total resistance is the sum of these resistanc: : 


Mace, for the circuit in Tigure: 2, 


R = Ry + R, (3) 


The current in this circuit then is 
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and 
BS IR, + IR, (5) 
ae it follows that the Prices. drop aeross Ry is 
Ea IRy = Vp = IR, (6) 


This last equation brings out the idea that the voltage across 
the points a and c, by the way of b, may be expressed as the 
algebraic sum of the electromotive force and the potential 
drops, where the potential drops in the direction of the cur- 
rent are opposed to the electromotive force producing thé 
current. Also in the equation Veo IR5, Ohm's law is applied 
to 4 part of a circuit to give the relation that the potentdal 
Qrop across any part of a circuit is equal t6 ae product of 
the current through that part of the circuit by the resistende 
of that part of the circuit. | 

For the reciprocal of resistance, the term conductance 
is often used Fa ~ G}). Thus, equation lreould be written, 

hy to EG (7) 

2. Kirehoff*s Laws. 

Kitchoffts fivet law states that. - 

At_any poins ina etrenit there is as much current 
flowing to the point as there is eway from it. | 

Thus, at point a in figure 3,— 
a (8) 
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Kirehoff'’s second law states that - 


electromotive forces ond potential drops is equal to zero, If 


1 te oa 


there is no electremciive force in the circuit the sum of the 
potential drops tn >: direction iz equal to the sum of those 
of opposite direction. 
Thus, for figure l, 

E-IR=0 (10) 
For circuit ade of figure 4, 

E-I,R - I, Ro= Ua 


For cireuit a bé da of fisure 4, 
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emacter clrevit b f o of Tigure 4, 


3. Application of Kivr.noffi'ts Laws . 

The application cf these laws .o anv particulary network 
having more than one closed mesh is a matter of algebraic 
Petition of simultancous equations. Referring to a two mces-. 
network such as shown by figure 3. assume some direction for 
the currents through the resistarcecs. The direction assumed 
is immaterial, but in the solution ¢* complicated networks, 


errors are often avcided by assuming one direction throughow?. 


246 weuel to wse 2 glockwiec direction. Then, for mesh 


ure, 
T? ~ 
moe ty Ry « Ts R3 = @) (14) 
and for mesh abed 
nee Cs (a5) 
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and using Kirchoff's first law 


eM (16) 


There are now three simultaneous equations which can be solved 
Tor qT, i, and I. | 
Substituting the value of I, = Ty ~ I, obtained from equation 


(16) in equation (15)gives 


(I, - | Bove Rs (7 
from which 
me R 
1. =) 4a sleeves. (18) 
| SP ae! 
Substituting equation (18) in equation (14) gives 
R R&B : 
TUS VARS We tam 5 icaat—aene ag (19) 
Ro + R3 
nts 20 
By * Ba (20) 


Placing the value of I, as given by equation (18) in (15) 
R 
Io = ag.) 3 


Rowe OR (21) 
Collecting these equations for the several currents, 
E 
ZL = 
* (20) 
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The first of these three cquations is an expression for 
Ohm's law in which the denominator of the right hand term of 
the equation is the total resistance which thc network presents 
to the form nals On the eiectromotive foree, Krom the déircult 
it 18 seen that this resistance is made of Ry in series with 
the combination of Roand Rain varallel. 
Comparing equation (4) with the above oxpression for I, 


it will be scen that the same current could be produced by 


impressing the electromotive force E on a simple series circuit 


iw 34 R 
having two resistances Ry, and Ro 1 , where Rot i», sae LN 
= 
Foot oR 
2 3 
Quite in gencral, it can be shown, thet as far as the external 


circuit is concerned a number of resistances in parallel can 


be replaced by a single. resistance, 


eR 
2 5 . is the expression then for the two rosistances 
Peas rk 

2 3 


in parallel. The general relation has thus been deduced that - 
& The resistance offcred by two resistances in parallel 
is equal to the product of the two rosistances divided by their 
sum, 
Tmeyeno ve ,exoreceion (for the rcosistances Re and R, in 


~ 


parallel can be simplificd by introducing the conductances 


Go ae asd, Gos oy et ae readily seen that - 


R Soe 
3 
bas uite mt 
2 4 “~ 
R R Beha | at 
Bo Wei Bee 2 
Ve ne an » tho conductance of the combination, it 
a 


follows from equation (22) 


Gam 6.4 G, (23) 
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This relation can be stated goncrally that - 
Where ecvoral Teésis .“1uc25 tec in parallel the tots wt con= 
separatc conductances 


duétance of the combination toc sum of the 


in cases whicre there arc. a number of resistances in parallel, 
iG is vufrten vf advantaze to solve for the total conductance of the 
circuit, The total xsistance is always the reciprocal of the to 


conductance, 


From the cquations (18) and (21) for the valucs of 13 and Tg 


) 
~~ 


the respective currents through R3 and Ro, the following relation 
may be deduced from the division of the total current flowing 
to a combination of two resistances in parallel, 


b. For two resistances Ro and R, in perallcl,. the Ratio of 
EIR SS Ta a aaa a i eS a 


thescurrent through Ro to the total current flowing to the com- 
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bination is equal to the ratio..of tho 


> resistance 3 to the. sum 


OPltme two wsistances. Note that the division of current between 


the branches of a paralicl circuit is indepenszent of the amount 
Of jrecelstance external to the branched circuit. For this reason 
the resistance R, does not appear in equations (18) and ( 

These two relations a and b deduced from the application of 
Kirchotf's laws may be used in place oF the simultaneous cqua- 
Tiere to actermince the current distribution bn a circuit. Re- 
Meweine to Tisure 4, the current distribution for the circuit 


shown will be dctermined by both means 
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(28) 


Five independent wonetiougs exe required to selve for the 


five currents. Other equations can be 


some o~ thc above, 
Hor Gireuit a Bb e.d 4 
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es = . 
I, z, T, A T. R. 
Equation (29) is not independent 


since it can be obtained directly from 


equation (24) the value of I, R, given 


Eas 


(30) is not indepencent of (25) and (26), 


used if desired to replace 


(i 
Ex} 
a) 
x) 
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(30) 
of equations (24) and (25, 
them by substituting in 
vy cquation (25). Likewise 
Equation (29) could be 


used instead of either (24) or (29) and (30) instead of either 


(25) or (26). 


Substituting the -sloucs of 


mee ero) ir eowetions. (24), (25) ez 


I, Rk, + (I, = ty) Ry = 
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4 wa (I, 


These equations can then be solve 


sid 1 given by equations 


md (26) gives 
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ee (33) 
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The value of i, is' obteined from equation (33). This value 


placed in equation (32) gives the above velue for I, in terms of 


Ij. This value of I, substituted in equation (31) permits tthe 


solution for I. 
From the two rclations dcduced from the solution of the 


network of figure 3 these cquations (34 and {36) can be 
written down dircetly. Equation (36) is the expression for the 
portion of I, which flows through R,. ‘Similarly equation (35) is 
thie expression for the portion of I,» which flows through a in 
serics with the combination of as and ae in parallel, that is, 
through R,, “ a Re » Equation (34) is the expression for the 
current elomeat Promon as dictermined by dividing this selectromotive 


force by the resistance across its torminals, This resistance cone 


a 
Ry + Ae in pa ararlel. 


a 
457 om Rene equations (34), (35) an ad (36) the values of current: 


sists - R. in series with the combination cf a and 


I, and I. can be obtained with the aid of equations (27) and (28). 
These methods can be uscd to solve any such nctwork even though con-~ 
- taining many more meshes. The first method will be referred to as 


the simultaneous equation method and the socond as the direct method. 
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4. Netw orks 


Conteining More tsan Jne EME. 

A network containing more than one 1i..F. such as that shown 
vy figure 5 can be solved from equations such as those set up for 
network 4, the only change required in this case (where the networks 
are idéntical except for the inclusion of E,, in figure 5) would be 
that equation (25) would be changed to include z, thus. 


rR, + toe Bhat, Be (37) 


The notwork can also be solved for each voltage separatelby: 
assuming the other voltage not present. The two currents obtained 
in each branch by the two separate solutions can then be combined 
adding them where they arc in the same direction and subtracting 
wnen opposite, the resultant in the last case being in the diréction 
of the larger component, These sycarate solutions may bce made eithe 
by the simultancous cquation mcthod or by the direct method. 

This method of solution by superposing the résulta of separate 
HetermuitecvL1on for cach E.M.F. adn the circuit will apply for any 
Mumber of H.M.Y.'S in the circuit and for any network. 

5. wmfficiency and Maximum Power Transfer. 

then cleetrical circuit the usual purpose is. to transmit 
power to a device such es a relay, motor, incandesccnt light or 
heater in order to iteke it perform some operetion. 

In the circuits viich have been considered, the sources of 
E.M.F. have been assumod to have no intcrnal resistances. In 
general, however, any source of voltage has an internal resistance 
A storage battery and a generator save intcrnal resistance. ‘The 


combination of the generator and the circuit, used to transmit 
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10 
power from tue generator to tne device to ve operated by tie power, nas 
resistance. 

Referring to figure 6, uy, ac vy are usec to designate respectively 
the voltage generated in a direct curre.t ve elator and tne internal resist-— 
ance of the generator. Ry is tre resistice af the heater element of ax 
slectric flat-irons; The current dolitered to ¥ ¢ flat-iron is, 


I= re dU | 
Ry + oC (36 ) 


and the power Ps delivered to te ire... 18, 


Py “2 Ry (39) 


P, = 1° 32, (40) 


Tv 


The efficiency F of tris arra.gement tien, expressed as the ratio 
of the energy deliverec to t..e cevice to be operated to tie total energy 


generatec, is, 


im 2k a n 
L > 9 I “ty + y Ro Ry + Ro R + 


Rg 


The efficiency so expressed increases as the ratio of Ry is de- 
Ne 
decreasedy that is, as Ro becomes large compared to Rye 


Coasider now, however, tre amount of power delivered to Ro. The 


exp: ession tor this as derived from equations (38) and (39) is, 


~« 


p. = By? Ry 


Oe ae arice Ghai 2) 
(Ry + Ry ) (42) 


4 L39m% 


a 
‘ 
' 


ig) Soe 


“A ia 7 
- i ‘ 
Ss ‘ J 
a oy tr ie eeu f ’ «a "J 
ED er nae id & Wbdae! iy € re My > a a 
‘i 
a) 
can } 
E F pos d 
J j ; , 
“ é ‘“ whe L * ve a , 


Fi 
, = 
: 
‘ 
5 
t 
‘ 
* ; \ 
' 
t / 
i 
7 wi! J 
' 
a: 
4 
‘ « 
of : . ee 
hads une) ita} ~ 1h pe , 4 “ripen > My iO Peay 
Army ty we ‘ad , ah Ps ‘ es 4) e Fhe tan % awe 
: , ; 
{ « 
\ . aane 1 jit eal i ae aia 
~ Lf ¢ 
Cs ; 
Lt a - 
Fi { 
‘ 
, 
- ’ ur) 
i ) k 
' 
‘ * i de iy ' 
; sy 4% ‘ aes) ae ) 
j : ¢ ; 
/ a aired « " py ans VPP age lg ‘ iM J & + ios 
’ ) ; "i aes shows ae _n ¥ rh. tile berarenneivas * 
ahs reg “ty he er “ ; 
ies 152. a we ‘ ~ , oni ; Z K il vi ph. | sal Piet <") 
, ‘ $ 
YW a & witn, 4 h aay a as ke at 


y z i 


Hie P f D = a 
Py. + Po = 24 (Ry + ing ) ~ iy} ( ) z 
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Ry + 32 
The effect of the relative magnitudes of Ro and Ry on tne 
values of F, Pp and Py + Po as given in equations (41), (42) and (43) 


ig Shown in the following table: 


mR Ey? te ae 

: Pope @ ee Mea ead ee cee aes 

ae ae ee Re = 

Value of Ro (Ry + Ro) 1 ee >. - 
> 2 @ 


Pane 
1,10 Ry 72494 eee 4762 alll 52.38% 
1.02 47 124.998 #1 4950 FL 50.50% 


= Eh = As 
a £2500 Fy 5000 21 
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12 
generator when its terminals are short circuited. As the value 
of Ro is made smalier, t%e values in coluan three approach the 
power generated on shurt circuit as a limit. 

These values are plotted as curves on the attached 
Drawing No. 910-27. 

From this table and the curves it is seen that while the 
efficiency of eis system as expressed by equation (41) increases 
as Ro becomes greater the power delivered to Ro is a maximum when 
Ro is equal to R,. For this condition 50 per cent. of the total 
power generated is delivered to the circuit connected to th 
generator terminals and 50 per cent. is dissipated within the 
generator. 

In the forecoing it was assumed that the generated 
voltage iy remained constant as the load varied. This corresponds 
with actual practice as most generating devices have a definite 
generated voltage. It is, however, necessary to distinguish 
sharply between the generated voltage and the voltage which the 
generator presents at its terminals - the terminal voltase of th 
generator. The latter voltage differs from the generated voltege 
by the drop in the internal resistance. Referring to Figure 8 
again, it is the terminel voltage: 

Be) = By ies (44) 

As this 2ooation shows, the Jcrminal voltage cepencs on 
thevcurrens \ly and hente varies with the loac. 

The above ecuation indicates also a method for measuring 


the generated voltage. 4+ shows, namely, that the generated 
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voltage is the same 2s t!.e terminal voltage of the generator on 
open circuit. 
‘The condition for maximum transfer of power may be 
stated as follows: 
Jith a generating device which has_a_ given zenerased 


the maximum power is .- 


pees le eee es 


voltage and has a fixed internal resistancs 
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delivered from these terminals when the external resistance equals 


the internal resists 
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6. Efficieacy of Networks. 


The determination of the distribution of current in a 
network is of practical interest in determining the amount of 


current and power dsiivered over a networs to tne receiving 


element. in this connection 1% 1s often necessary to compare 


= 


different arrangements of supplying energy to a receiving device. 


Assuming that the receiving device has a resistance R and that 
tae current supplied to it over one circuit is 1, and. over another 


circuit io the-Fatio of) + | in the two cases is:- 


2 
Py ip ny 


The avove equation shows tnat when the resistance of the cevice 
is kept fixed the ratio of the currents can de used to compare 
the two arrangements. since the current ratio is tie square root 
of the power ratic. 

If, however. the operating Cevice is modified so as to 
make its resistance change from Ry to Ro then the ratio of the 
power supplied in the tro cases would, de expressed by 

Seige 
é Py Te Ry rf + 
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If it is desired to use current ratio ta express the effect of 
: « rc ; Q AX at ’ 
the change, the equivalent curren. ratio tor equation (46) is given by the 
Square root of the’ratio of the povers. 


L 


The current ratio or ths squivalent current ratio will be used 


here in comparing the transmission efficiency of two circuits. The 
reason for doing this will become apparent when the subject of telephone 
( 
lines is discussed. 
' 1. Transition Less , 


i 


It has been shown that when a generating element having an in- 


OQ 


ternal resistance R, is to deiiver power to a load having a resistance Ro, 
tite maximum power is delivered wren Ry is equal to hj. ihe reoquction in 
the power delivered to the receiving element caused by Ry being not equal 
to Ry meerererred Foias tac treisivion loss at the junctio of the generat- 
inp and receiving elements. The magnitude of this reduction can be in- 
element when 


dicated by the ratio of the vower delivered to whe receivin 


Ro 1s not equal to R, , to the power delivered whon R 


‘ bes ce 4 fs 
| (Ry + Bo)? 47) 


and the power P, dezivered to Ry iit it were equal to Ry is 


1 cepelbe (46 ) 


Then 


‘Aw, 


“ 


and the measure of the effect of Ry being unequal to R, on the 


delivered power is, on the basis of equivalent current ratio, 


a a 2 
1 R vA ae rs) (50) 
at Re Ry 4 Be 
2 


Equation (50) is ve to be the ratio of the geometric to the 
arithmetic mean of R, and Ro + 
8. Effect of Series Resistance. 

Referring to figure 7, the effect on the current delivered to 
Ro of inserting R3 between the generator R, and the operating device Ry 
will be determined. Without Rg ihn the circuit the current I, through 
Ry is 


I, = eee (51) 


With Ha inv the circuit tie current 1. throuch RR, is 
3 s oe 


a - E 
2° = (52) 
R, + Ro + ec 


The ratio of these two currents is 


St 


te Bae a hee Ry 4 Ry 
Nese (RRS ONS Sc wal” Tag a (53) 
Ty Seer Gee Rey tie. no 
Ry + Ro 


which may also be expressed 


R | (54) 
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ce a Ry | the condition for maximum energy transfer, the 


equations reduce to 


i R 
2} me all 
=) ee ane (55) 
qy eR) + Ry e 
& a 
£ 
2. * L Sas (56) 
iy Et 3 


From these equations the effect on the current received 
over a circuit of inserting a resistance in series between given 
generating and receiving elements is seen. t+ will be noted that 
the received current increases as the magnitude of the resistance 
decreases. On the other hand if a given aecies reaistence is to 
be inserted between transmitting and receiving elements which can 
be varied, the current ratio increases as the magnitudes of the 
resistances of the transmitting and receiving elements are in- 
creasec. If Ry is small in comparison with the total resistance 


of the circuit, a very good approximation to the ratio t2 is 


ach 
obtained oy applying the approximation: 
Hoc Naa 278 
UY Fee: 
where a is small in comparison with unity. This gives 
ti 
eee testi alae aan 
I R 
1 ea (57) 
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Thus if this ritiowas .1 She current ratio is approximately .9, 
exactly .909. If the ratio is .05 the approximate current ratio 
is .95 - the exact value is .952. From these values some idea as 
to the useful range of this approximation may be gained. 
2-_Bffect_of Shunt sesistance. 


In Figure 8 a resistance Ry is inserted in shunt between 


Ry and Rg, “The current Ij sent through Ro before Ra is inserted is 


i 
a (58) 
Ry + Ro 
After ce resistance R, is placed in the ¢ireuit the 


current Ip throuch Ry is (see eqwations 20 and 21) 


ne | 
Oe aan EB 
a a ae 
Pik cee Oe 
Ro + Re 
ch a MEN LE ene ( 59») 
R, (Rp + Ae) + RoRg 
ER 
ce e226 
- R RoR 
oe a hy 2 a ( 60a ) 
rsh Ce Ne 
Ry + Ro 
APS SG CRRA Ae ( 60b) 


Ag (Ry + Ro) + RyRy 


Fe yh aes Pe ora Me LS Mea ( 60c ) 
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If R, = R, this equation becomes 


Cause 


a small effect, whould be large compared to R, and R 


2 > 
In equation (59a) the first factor, Ri + Poy 
oe he Re 


Pepresowis the total current after the insertion of the shunt; the current 


iS Increased by the addition af the shunt. The amount of this increase 


i) 


depends on thse magnitude of R, with respect to Ay and also the magnitude 


of the shunt ee wita respect to R_. The second factor, Ra 
2 (os 3 
Us ees! 
a s 
represents that portion of this tetal current which flows through R,. This 


factor becomes greater, as the ratio of R3 tO Mo 1s antreased. 
~y 1 > ( . * fo } Oy ” => . 
POs eet of Combination of Saunt and Series Resistances. 
Figure 9 shows the insertion of a combination of shunt resistance 
R, and series resistances Ry, and Ry The current I, through Ry before the 


insertion of this combination is as before 


a er) Uk (62) 


After the combination is inserted tue current I, tarougn Ro is 
EN SE ARES SS 
= + R5( hat es ag ; 


er ee ne Le ee 
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x ER3 : (63b ) 
(Ry +Rq )(Ro%e5) + R3(RQ4R5 ) 
> 
x R 
ee a (63c) 
qy (Ry+ Rg )(Ro+ Ra+Rs ) + R3(Ro+ R5} 
* 
ee er (64) 
qi (Ri + Rq)(RetR3+Rq) + R3(Ro+Ryz ) 
RON alan Ro and Rg = Rp 
qy (Ry 4Rq4 )(R1+R4+2R3 ) (65) 


li. Pollard's Theorem 

Hquations similar to the above can be cerived to determine the 
effect on the received current of introducing series and shunt elements into 
networks of greater complication than those wiicn have been just considered. 
Referring to figure 4, the effect of introduciug Ro into the network on the 
current I, sent through Ry can be determined by computing the current Jy for 
the conditions of Ro in and not in the circuit. Tiis would not oe a very 
involved process for this circuit but circuits are often encountered contain- 
ing many more meshes than tne circuit of figure 4. For such cases, when it 
is desired to study the effect on the received current of a cnange at one point 
in the circuit, a relation desisnated as Pollard's treorem is very useful in 


reducing the amount of work required. 
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Referring to Figure 10, the circuit shown will be con- 
sidered to determine the effect of inserting the resistance Rg on 
the current through Rs. Pollard's theorem as applied te this 
circuit states that - 

In computing the current In the portion of the circuit 
to_the left of the terminals, a _b, cam be replaced by a voltage V_ 


in series with a resistance R'. The voltage V is the voltage 


tS 


roduced_ across the terminals a_b when these terminals are open. 


The resistance R' is equal to the resistance of that porsion of the 
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This replacement is shown in Figure ll. The voltage 


produced across terminals a b when these terminals are open is 


V = ER 
see ( 66) 
Ry; Ry 


The resistance across these terminals is 


Eh ar ana (61) 


Considering Figure 10 the current through R5 is 


4 = z 
ISS) Renee oe et aces a hae ( 68a ) 
‘ Ra (Ro + Rs) X Rg + ty r Rg 
bee ae 
Ro “- 3 =i 5 
= ae a eae eel eae aia 


Consicering Figure 11 the current threusgh Ke 
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as ( 690 ) 
ec a Ro a Re 
= Omori Nae 
RLR3+(Rz+Rg) (Ro+Rs) ( 69¢) 
ay i iol, | eg RE 
Ry (RotRg.Re) + Ry (Ro + Re) ( 69a) 


' Equation (69d) gives the same current through Re in 
Figure 1l as equation (68b) for Figure 10. 
If it is desired to determine the effect on the current 
Ig of inserting R2 in the circuit of Figure 10, this may be done by 
using equations (56) and (67) and the circuit of Figure 11. 
Thus if Ip' is the current without Rg and Ij" the current 


Winwene 24a the. ci renit : 


dio: = V 

Rist Rg (70) 
In" ese ¥ 

R'+ Ro+ Re Gee. 


Ape 
2 = iia ea 


were ee ee Se ert 


iy! Rove: Ro + Re 


(72) 


Since V has cropped out of equation (72) it is not 


necessary to evalwate it in order to determine the effect of Rg on 


IQ. It is necessary hovever +o evaluate R'. 
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Consider. now the application of Pollard's theorem to the 
circuit shown in-figure 12, wher it is desired to know the effect of the 
insertion of Ry on Iy> the current through Ry: As above, the portion of 
the circuit to the left of terminals a b may be replaced by V and R" as 
shown in figure 13. Referring to the portion of the circuit to the right 
of terminals c d the ratio of the current I, to Ig is determined oy the 
magnitudes of R, and Rs. 

R 
‘on ‘ 
sich aaa anal (36) 
Ra + Re 

Thus any change in Ip will produce a directiy proportional 
change in I,. Therefore the cnange in I, may be determined by the change 
in Ip- The portion of the circuit to the right of terminals ¢c d in figure 

: " Qu RaRs , ; 
12 can be replaced by R", where R" s as shown in figure 13; the 
portion to the left by R' given in equation (67). 


The effect of Ro on the current in Ry is then 


Ee « Tot! t iw 
4-2), 822 (73) 
Iq red Be RAR 


It will be noted that R' and R" are the resistances of the net- 
works on each side of Ry measured from the terminals to which Ry is 
connected. 

By these means the effect of a ebeee: oa one point X in a complex 
circuit on the current at some other point Y of the circuit can be scGauul 
gated, by replacing the portions of the circuit to each side of the point 
X by the respective resistances of these Lor tae es! neg dons in figure 13. 
This procedure will apply for the determination of the effect of a series 


element, a shunt elementor any combination of then. 
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12. Transfer Resistance. 


FS 


Referring to figure 3 *.:e value of the current through the receiv- 


ing element Ry is given by equation (59b) as 


an. 
eA ae 


Io = 23 f + 
iT area eater ae - (59d) 
Rl (R24R3) +RoR3 


BR 2 lw 
= (59c) 
Ry+ Ro + ate E 


R32. 


The denominator of this equation is referred to as the “transfer 


resistance" of the network of figure 3. This transfer resistance divided 


g of the network gives the 


into the voltage across the sending terminals e g 


current through the receiving element Ry of the network. 


The transfer resistance of anv_ network with respect to some element 


ee 


in the network and a pair of terminals to which a source of voltage may be 
connected is defined as the factor by which tis voltage must be divided to 
give the current through the element. 

13- Equivalent Networks - 


The definition of transfer resistances has brought up the idea 
that a network can be treated as an arrangement of resistances having four 
available terminals, the two #5 which the source of voltage is connected 


and the twa to which the receiving element is connected. in many cases of 


ds 


i through the net- 


bs 


complicated networks the interest is in the power celivere 
work, or with a fixed network connecting a generating and a receiving elemern. 
it is desired to determine tne effect of changing one of these elements. 


In such cases aoe Oy reamed) a 
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it is possible and often convenient to replace the complex network 


by a Simpler network which, in so far as the external circuit to 


which it is connected is concerned, is identical in its action to 


ime more complex structure, 


Figure 14 represents a complex combination of connected 


resistances, 


the svailiabvie terminals of which are 1, 2, 3 and 4. 


puch a combination can be replaced by a simpler network provided 


that when the same cenerating and receiving elements are connected 


to either network, the following three conditions hold: 


@. The current taken from the generating element 


2 s the Saks wy 


b. The voltage across the receiving terminals on 
Open circuit is the same. 


c. The resistance of the network measured across 
tre TeCeivine Cerminais is the same. 


anese three conditions can be met by a simple nétwork con- 


Pgerine G threes resistances, provided these three resistances are 


not all in series or all in parallel. Such an arrangement of three 


resistances is shown in figure 15. The magnitudes of these three 


resistances can be determined from the impositions of conditions 


> ands or their equive Lents. 


Three other requirements that are often used to determine 


the equivalente of two netvorks are = 


dx 
oe 
3. 


The resistance across terminals 12 with 34 open, 
across 12 with 34 short cirecvited and 


ecros=. 44 with 12 open eircuited. It can be shown that 


if a network meets these three recuirements it alse meets the thre 


@,b and e, given above, As a matter of fact any three requirements 


“involving all the four available terminals can be used to determine 


the equivalence of two networks. 
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To determine the values of a, b and c of the network of 
figure 15 to make it equivelent te the network of figure 14, it is 
necessary only to solve the three equations corresponding to the 
‘three requirements set up et the beeaine of the last paragraph. 
These equations are as follows: 

(1) The resistance Ry across terminals 12 with 34 open 
R, =a+e { 74) 
(2) The resistance R, across terminals 12 with 34 short circuited 


® Cc 
oe es (78) 


(3) The resistance Ra across terminals 34 with 12 open 


TR. = Oo ¢ (76) 
3 | 
Assuming the values of Rye Ry and BS to be determined either by 
measurement or computation from the néwork of figure 14, the values 


Or 2, Gb and c in terms of Ri Ry and Bs are as follows: 


Ba Bae oe (78) 


Bs R32 > & (79) 


14, Wheatstone Bridge: 


The Wheatstone bridge cireuit shown in figure 16 is a very 


useful and interesting network and 18 one which hes mea; appli tions 
g ny applications 


in telephony aside from that as a weans of measuring resistance. In 


its use as a bridge it is known that if RL! is the galvanometer, a 


voltage EB in series with R,; will send no current through the galvano. 
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rs | 
meter if a proper adjustment is made of the values of the resist- 
pes Ba ho. RY and BL! . 
ee 5 
ef tne vcucrent Iq’ through KR)! is zero then by Kirch- 


off's first law applied tn points b and d 


and 


Ta nee tis: FR $ 
I,’ R, IR, (82) 
or 
cig. int 
Pate a : (83). 
a R} 
3 2 


foe Soy 4 \ 
Tr, R, ry Ry (84) 
‘g)i 
eae (85) 
I R.! 
2 a 


Then applying equations 80 and 81 to equations 83 and 85 


meee (86-2) 
Boa RS" 

Oe 
R," R, as R, ; (86-») 


On Mo Curren: through Ry! and & voltage in series with 
R, the condition to be met by the other four resistances 


is 
pressed by equation 86-a, It can be similarly shown that for a 
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Liat’ 
voltage in series with R,' no current is sent through R, if the 
other four resistances mee+ the requirement of couation 86-a, it 
is seén then that the transfer resistance in both directions 
between R; and R,' is infinite. 
| Figure 17 shows the circuit of ficure 16 drawn in a 
Sligntiy cirtferent way, the resistances, however, oaecupy the 
Peme Weeaciens in the two circuits relative to each other. In 
ee @Feeuwite Of Tiscure 17 point d of the bridge eccupies a symmet- 
rical position with respect to points aj b and c; thus Ry, Ro and 
Ry are symmetrically lacated with respect ta d and so are Ry! Ra! 
and. Rg!. 

Similarly, the relative position of Ry t6 Rg' and of 

R3 to R3" is the same as that of Bylo Ha! . Fram ee symmetrical 
errangement it is seen that the condition for infinite transfer 
resistance between Ro and Ko' is that the other four resistances 


bear to each other a relation corresponding to ecuation 86-a which 


= 


1S 
R R 
ea es e bet {87~a) 
Bye Ba? 
eR eR, By’ (87-p) 


Bikewise the condition for infinite transfer resistance 


between R3 and R3! 42>that 


R, = R 
eee 2 (88-a) 
i ? 
se Hy | 
Je ee (88-p) 


if six resistances are arranged in the circuit. of fig.17 


and are proportioned to have values to fulfill the fnllowing equetion 
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R. Wt = R R,' = R R,*, | (89) 


a voltage placed in series with one resistance will not send current 
through the other resistance grouped with it in equation 89. It 
will be noted that the two resistances muitipiidd together in the 
equation 89 are the two which do not have a common terminal in the 
Parcnuit @. tigure 27. 

Furthermore, it can be shown that if a voltage is placed 
in series with R, and if, 

Bee es (90). 
the current through R3 is andependent of the magnitude of R3! and 
vice versa, Similarly a voitage in series with any one of the 
Tour Fesictances in equation 90 will produce a current in R3 the 
magnitude of which is independent of R3'. 

, 22 two of the three products BR, Ry", Ro Ro’; R3 a are 
equal to each other, a voltage placed in series with any one of the 
four resistances in these two products will send current through 
one resistance of the third product, the magnitude of which is 
independent of the other resistance of that third product. These 
relations can be deduced by applying Kirchoff's laws to the 


eircult of figure 17 and solving the resulting equation, 


£ 


Se 
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Be MULT I- SECTION UNIFORM NETVORES 


Consider now a network made up of a very large number 
of equal networks connected together as shown in figure 18, at 
one end of which is connected a source of electromotive force LE, 
which has an internal resistance C. 
a> Characteristic Resistance: 

In studying such a network, it is necessary to know the 
resistance R, which it presents across the terminals x-y. If there 
are an infinite number of uniform sections to thr right of x-y, 
then the line may be cut at mn or p-g, and the resistance will 
also be Ro because the effect of reducing an infinite number by 
Be Or ewo 2S negligible. If the resistance across terminals 
x=y equals that across mn and each equals Roe the value of R, can 


be determined by using the network shown in figure 19. In this -*r 3 


circuit 
He} ay 2). Bb : 
ae (Ro ny cet (91} 
Pate R, + 2/2 + bd 
| SCE: 
From this R = we + 2 (92) 
fe) 4 


m 28 designated the "characteristic resistance" of this 


Metwork Bnd may be detired @& the resistance presented by a line | 
consisting of an infinite number of uniform networks 

For maximum power from EB to the line, R, should be equal 
te ene snterne! resistance ©, of H,. if this is the case, then 
the resistance at mn or > q, looking toward the Left will 


also be Ro. Therefore, if the line of networks is cut at the 
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junction of any two 


will be each equal t 


Ene action of ene of 


Jarge number of sect 


at mn and the line 


Section (1) is then 
to Roa and @rminais 
equal to Ro The re 


raised to the pover 


~30- 


in the tvro directions 


fate 


Secticnus, the res 


o Ro. Furthermore, is desired to study 


the uniform sections without considering a 
ions, tne line shown in figure 18 may be cut 


Oo; Sections to the rient replaced by ° 
Drecea petween C, vrich Hes becn made equal 
mn. the resistance between which is also 
sistances across the ‘terminals of the section 


(1) in both directions are then the came as it if formed one of an 
infinite number of sections all equal to section (1). It may, 
ote ore be Prested 25 if it formed one section of a line of an 
Sr ce UmMODeT in series. 
2s Wer rene Distributions 
The effect of section (1) on the current I5, flowing 
Bet Otee eee Lerrinels a-n, with respect to the current, tas fl ov 
foe S youeo terminals xy, way pe determined from figure 20, 
i aly " 
Pere iinet ere (93) 
iy af/2 +b + Ro 
[ogee en ON ves tne effect of any one section in 
diminishing the current set up by the voltage E in the line of 
Petwou.e Ire ier ect of tr netvorks would be the sauare of 
eee ote Si iee.. Of tires sections the third pover of the 
Steere so On, “(he ei tect of. inserting any number of such 
sections between two resistances KR. is likewise given by the ratio 


19) 


determined by the number of sections inserted. 
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3. Attenuation Constant: 

Rather than ADtaLnN powers of the current ratio per 
section to determine the ratio of the currente at two points 
"Separated by several sections, usé is made of the following: 

pay ea (94) 
where ¢ = 2.7183, is the base of the natural logarithims, and of, 
eee, @Oeonens, 16 collend the. “attenuation constant" per section. 
tee ~ecceor nis the number of sections involved, HEvaluating ox 
from the ratio of I, to i, for one section, the value of I, for 
eny number of sections n is given by equation 94. 


Bauation 94 mav be written - 
on v 


“Oo = 1 = e 
wie eee (95) 
ae 


mrere tue minus Sign indicates the reciprocel. For one section 


{n = 1), as shown in figure 20, 


eS aaE: (96) 
af 2+b+Ro 
and 
oc = log, af/2+b+R, (97) 
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Ce rOR LINES | 

A uniform line for direct currents is a circuit in 
which the resistance of the conductors and the leakage resistance 
Demecr ere COnductors are canstant per unit length of line. Such 
a line Gan be considered as consisting of a multi-section uniform 
network in which each section of the network corresponds to a very 
Pot betere 1) Of the line, This representation of a uniform line. by 
Se Ul eect ion uniform network is shown by figure 21. . The 
Mit Orme Shown hes 2 total series resistance per loop mire of 


R, anda total leakage conductance of G, = ais per mite. Lach 


section of the uniform netvork corresponds to _L th of a mile, 
m 
where mis a large number, The series recistance of each sec~ 
ti a =f. SSR ee R 5 ee aAlre : G 
20N O81 network is therefore “i , and the leakage conductance —2 
: m m 
for which the corresponding leakage resistance is m Roe One of 
these smail sections is shown in figure 22, 
i, Characteristic Resistance: 
UGrresponding to the characteristic resistance of the 
uniform multi-section network, there is a characteristic resistance 


Po. teense torm lane, The characteristic resistance of the network 


©. ticure 27 is from equation 92. 


7 Pee ed (98-a) 
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a f |. gee iS 
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which may be written 
Sete Be ete + - 

. ( Ame Ro (98-c) 
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With m large, as assumed e@ uve, 1 Se Sees becomes equal 
‘ Aa F., 


Peete et eye eO 2 eye ee Charactcc) Stic resistance of a uniform 


line is 


‘sui! me vA Pea 
Oy Gear ae (99-a) 
or 7 ite lace eS 
R «= Cs ie 
O as . & 
Ne Go }99-b) 
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qt] is seem from the above that the uniform multi-section 
Metwors oOGe nob represent the uniform line unless the sections are 
Re ee i -GCONnseduentiy the equivalent network for. an apprecia Le 
Pee ee, Usitcorm ine can not be obtained by simply lumping the 
SCrice onc Shunt constants. An expression of the ecuivalent network 
OG. the line will be given later. 
pa Aeeenueation Constant : 

foe etvemua von constant for the network of figure 22, 


es obtained from equation 97 is 
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where ie Or €Quation 9/ is expressed in terms of its value given in 
equation 98-c, 
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In textbooks nf Algebra* the logarithmic series will be found 


Log, (Jtxh = x ~< x* 7 a x" ae 
2 i 78 
Applying this serics te-equation 101, singe x = 1 /R, is small 
mt / = 
4 


if mis very large as was assumed, all terms of the series are 


negligible compared to the first, and the result is ebtained 


ea of et. 
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5 Se 
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Ras 26 tne attenuation in one emall section representing 
@ Very Short length of the uniform line. It was assumed that 
[ere were m Such sections per loop mile. .The attenuatitnj as the 
line is uniform, will be the same far eech sections The attenu- 
ation per loop mile consequently will be m times the attenuation 


per section @r the attenuaticn per mile-is 


R 
2 (103-a) 
ao = /R, Gy (103-b) 


Pie Gerivey1ons of both the characteristic resistance 
Paget acteniat2on constant Have here been given by the method ot 


Borer metion. in order to avoid the use of Higher mathematics, The 


Gxre eons Ootained, howcver, tor both the characteristic resista: 


*NOTE: For reference see p.558 equation 3 in a bock entitled, 
siCollege Algebra" cae H.B.Fine (Publ. 1905 by Ginn & Co. 
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and the attenuation censtant of the uniform line are exact. 
It is seen that the characteristic resistance is in- 


dependent of the unit length taken bacause the product of Ry < we. 


- 


m 

is always Ry R,- The attenuation constant obtained from equation 
Ls Ser ror the same unit length for which Rj and Ry are taken. So 
the attenuation constant for a line "f/" units in length is "f" 


times the value given by equation 103. 


Ota oe (104) 


From the expression for R, and +t is evident that 4¢ 


the values of these quantities are known, the values of Ry and Ro 


can be derived, 


és Be ints 1 
Ho = / By Ro - cael (205) 
2 
eer. ik 
Ro ? 1-2 =R, (106) 
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R 
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3. Bouivalent Networks: 

From the above discussion of the uniform line it is 
evident that the equivalent netvork of a lenzth of uniform line 
cannot be obtained by lumping the series and shunt resistances of 
the length of line excent in the limiting case wren the portion of 
line is very small, Any section of uniform line,(refer to figure 
23) which presents four terminals can be treated in the same way as 
the network of fig. 14 and an equivalent network of three elements 
determined by solving the three equations obtained from the expres- 
sion of three relations regerding the four terminals of the line, 


This solution for the uniform line is more involved than fora 
network and will 
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not be carried through here* although the formulae will be given 
Por Geeeresnine the three clements of Tigure 24 which is an 
equivalent network of the line of figure 23. 

mie Conc se and exact expression of these relations 
involves the use of "hyperbolic: functions" which are analogous fo 
"irigonometric functions" and are given in Similar tables. Hyper- 
bolic functions** are distinguished from the corresponding trig-= 
see: ee functions by adding the letter. *h" to the trigonometric 


terms, thus, 


farmperbolie sine is expressed = sinh 
i: cosine " e ~ cosh 
" tangent " i - tanh 
" cotangent " sg - coth 


A knowledge of the derivation and mathematical significance of 
MypeeeessiC Tuncticns is not required for the use of hyperbolic 
tables in evaluating the formulae given below. 

The formuiae for a and b for the equivalent network, 
shown in figure 24, for a fewetnid of uniform line having attena- 


ation ey and characteristic resistance Ro are 


MOT) ine derivation of the formulse is given -in chapter II of a 
DOG ay Ave Kennelly, evritied, "The Application of Hyper- 
bolic Functions to Electrical Engineering Problems" (Publ. 
1912, University of London Press). 


**NOTE: For a short discussion of hyperbolic functions, see chapte: 
I of a book by J.A. Fleming, entitled, "The Propagation w= 
Hilectric Currents in Telephone and Telegraph Conductors" 
(Publ. 1915, D. Van Nostrand Co., New York), A more ex- 
Tensive discussion of Ryperbolic functions and of their 
application to transmission problems is given in the boox 
by A,B. Kennelly, entitled, "The Application of Hyperbolic 
‘Function to Electrical Enginecring Problems," 
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and shunt resistances R, end Ros per unit length, 


ey) Vee /Ry Bis tanh Bena, a) (107-b) 
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Wopetwork having these values for the series and shunt 


arms can then be used to replace the uniform line of legen 
any circuit, It will be noted that the values of a and b vary 
wie Ene Length L of the line which the equivalent network is 
used to represent. 

The value deduced above for the characteristic resistance 
eeu Orm Line 16 the resistance which would be obtained by a 
Measurement across the terminals of an infinitely long uniform line, 
If the uniform line is short but has ats fer terminals closed 


through a resistance equal to R the resistance across the near 


/ 


7 ri) 7 7 if 5 rs — rT Te D> ee | a 
Berminals will still be Ro» if, however, the far verngmal gs of a 
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short, tine are closed throuch some other resistance, Some value 


Poner tien hy wall be obtained, 


fori a line euch as Tigure 23, with the terminals 3-4 
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Transition Loss. 


The transition loss at the texmina 


uA 
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connection bo them of ax 


Pave Or, Carcults 


Is of a line, due to the 


the 
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hy 


differing from 


characteristic resistance of the line, is obtained from equation 506 
by substituting for Ry and Rz, in the formula, the values of R,and 
R_, the characteristi resistance and the terminal resistance to 
which the Jine is connected. This expression assumes the form 
iS (213) 
He + B. ; 
6, Transmission Pee TS USNs: 
Any transmission system for electrical power involves a 
Peneraving element, a transmission Line and a receiving element, 
im the transmission of direct curren the leakage resistance is - 
usually so high as to be negligible in its effect on the trans- 
mission but for illustration it will be assumed here that the leak- 
age is appreciable in reducing the current alung the line. 


A transmission system involving 


shown in figure 25. The ations which 


Lee oer rere rol. et rs bution in? such. e@ circuit 
Mine «wre G6rriciency of. tne system, 


Cne way of treating such a system 


lent network of the uniform line (using ec 
determine the current distribution in the 
On the basis that the desirabie re 
power into the receiving element, the. reas 
the whole system is taken os the ce of 
KR. 2m) figure 26 to that which wovld be sent through 
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element if its resistance were equal to the internal resistance 


Ra of the generating element and there vere no transmission line 


between R. ‘and Ry 


G 
If it is desired to obtain the effect of the line above, 


the efficiency is express<td as the ratio of the current through 
Re With the transmiecsion line in the system to the current through 


R, Without the transmission line, The transition loss between 


iy 


Ra ¢ieip anv tnen De expressed separateiy, 


Referring tn figure 26 the effect on the current through 
Rr of inserting the transmission line is given by substituting 


the proper values in equation 63-c. 


Tapas : (Rg 
i [5 ia an ea ee 
L (R. + ) (CR, t+b+a)+b(adt R..) 


(114) 


The effect of the transition loss is (refer equation 50) 


o/Ra R 
in > 
i ete ae ( La} 
‘G r 
woe meeeure OF the total efficiency of the: system on 
Piewoeac le, CO; CCl valent curvrent, compared to the best that could 


be dane, assuming the generating element fixed, is then 
= i,k (116) 
The ratio of the power expended in R, in the system of 
figure 26 to the pover which could be delivered to it, if there 


were no transmission iine, and R. were equal to Ra is 
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Tne other method of determining the efficiency of the 
system does not involve the use of equivalent networks. From the 
constants Ry and Rs of the line the values of pe and ec are deter~ 
mained. [ne resistance, R', across the termirals l«2 is then 
evaluated from equation 109 for the sending end resistance of the 
line closed through a resistance Ry ay tne: far end... ,:ae current. t 


entering the line is then 


BE CIS) 


The effect of the transition loss at the sending end on the current 


through ce is 


alors (119) 
- of Re RB 
Be: s 3 
1 Re ok RR? 
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One efrect of the attenuation,in-the line is 
de ound ‘a gt Le 
a 2 es (120) 
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ne, resistance, KH", across terminalis 3-4, lookin 
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ete 24 then pivern-by equation 109 in which the-line is c 


qa: ne measure of the transition loss at tne 
a. 


tne tar end through R 
receiving end is then 
a/R Ri 
My = = Pate 
2: Bea POR" 
The measure of the efficiency of the sistem on the basis 


of equivalent current is then 
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rhe results @iven by the two methods are of course 
ie eee Unevattenuation of the Jine is surficiently great 
tavmace Rio= R= Ry the work involved in the second method is 
materially reduced since it is not necessary to evaluate: FR! 
end EY, ; ; 

The methods of determining the efficiency of the 
system of figure 25 are applicable to any circuit. If the 
sensing and receiving terminals are multibranch networks, they 
ean be reduced by means of Pollards theorem. if the trans-~ 
meeaion tine consists of tro dissimilar lines joined together 
as shown in figure 27 the equivalent network method can be 


used by deriving the network for each line sevarately 


and then combining the tro networks Ente one. With the 


10 tie Leite Of termineis 3-4 can be worzsed out in the same 
meaner Se or Teere 25, [25000 bere terminals through 
the Seno ae €nd Tesistence of the circuit to their right, then 
evaluating the impedance =! the circtit to the ieft of 3-4, 


tre Urege.¢2on lors at 3-4 can be de, -rcined and the current 


Sto fee ee EY OULET MLO the rigab o. 4-2 ropred sut. 
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"4t - Alternating purrente 
aE: Gereral 

In presenting ne treatment of alternating current 
circuits it is assumed that the material given in Chapter XV of the 
book, "Hlements of Blectricity" py WH tamoie is known. In what 
follows some of the Salient matters discussed in this chapter are 
repeated for the purpose of review and emphasis.* 

The main characteristic of an alternating current is 
its periodic variation in magnitude and direction with time.” 
Thus the current at any point ina circuit will increase from 
zero to @ maximum value in one direction, then decrease’ to 
zero, increase. to a maximum value in the opposite direction 
and then decrease’ to wero; heiias el ea this cycle periodically. 
This variation in the magnitude of an alternating current, 
expressed in terms of the maximum value t is given by the 


following, 


= 1 Sin 2 it 
where i is the value of the current at any instant, t the tim 
and f the frequency of the current, i.¢., the number of cycies 
which occur per second. 
This Beha ton, in the magnitude of an alternating 
current introduces certain factors which are not involved in 


the distribution of direct current in circvits. 


ks Bi. ecteve Value ‘ 
The magnitude of an alternating current is usually 


indicated by specifying its "effective value." The effective 


*Note:. for a more complete discussion of alternating currents 
refer to the following: "Electricity & Magnetism for Engineers, Part 
Il, Electrostatics and.Alternating Currents" by -H,Pender (Publ.1919 
by McGraw-Hill Book Co.,New York,Chapters XIV and 4V. 


A ee aN 


eer 
; Tt 388 
AS 
a nea <a 
- - > = 
* Tacs ceae = oe ig e 4 . 7 nS 
- . % Ne tes . oe . 
a ¢ 
- 7 r +) : - 
So = : 3 af Ode oe JSF 
e oa . = eg . : sb 
© . + 
4 
v= ee. > a 
2 a . a . = =~ 
- tne 
~ ~ a moe . > a 
. , 2 4 ee Pe) 
* = *: fs ws 
* * © ; 
. 4 Te © * ee - » @ 
. - i bee fc = “i Pet Mod Bs 
~~ i pall 
“ . im es ) 
me way = * 
os - ? LY ~ . 4 4 =? * ¥ Ps - 
ahs ' I : g 2 aoe | - 
Fa . = = 
: : eo 3 hres : " . > : 
a Se ie dak ae EtG 4 Fo FS 
5 . f ~ 3 Ke aoe 
ed ~~ - 
® pile ah oS * . ; 
a = Rr a iemia, ode - We: ue Fe 
ei rot ‘ pS i 
ee % ORs . “—- 
. > - F f: i 
lames a < => Sik 4 eh ee ey | 
. - oe 2 . 
. CF a - 2 - Dé “a 
wd Bee * S 5 * 2 . 
Bees oS ° . € > Sa Fer A gem & 
ee tae 
= PEAS WO , 4 7 . 4 
-s by ene a 2 . Se. , < ee Beye 
= * a Wee “ = . 
ae z Bi Go + r oe 
~ ‘ 3 J . : X 
yi +> Pe al: 
. 5 
jae 
. : _ * 
7 ae a é i 
. a Fo es coe 
L - - - eS xs = - 
. > 
? 
hg a “ La 
oti ieee 7 2 nee [eee ? J Ms 
oo A Ee 7 +s = 
2 = Se a ey eS ; : ae a ? Po aap 
; 2 - to eee Le 4 ' 
: . ere > te Sim | is 
oe = = Z 
4 an ae We ¥ f 
o ae ie: 2's. ee, -i ae 
24 py E L* #6 ‘ * : ae <— 
Se ee oy et ie ae 5 ae 
< . a 
. Ps. . oe hits eer 
¥ ad . bee 2 bad ed 7 . 
t a 3 " ca Shia © 
. 
- 
eri f a es 
: fi. es “ 
ld + ee) Lee «. pe Fie oes eee. + ta bet) M = 


“Gan 
value of an alternating current is defined as the mmgnitude of 
the direct current which wr2zn flowing in the seme resistance as 
the alternating current generates in the same thme the same heat 
as the alternating current. Sistée the heat generated is pro-. 
portionai to the square of the current, the effective value is 
equal to the Sauare root of the sum of the squares of the 
various instantaneous values of the alternating current, For this 
reason, this is often referred to as the "root mean square" 


current. The effective value of an alternating current is 


(ane en 


ho fh 


lore a 
That is, the effective current is equivalent to a direct current. 
whose value ie 1/2 cr approximately :.707 times the maximum value 
2 
which the alternating current reaches, Unless otherwise specified 
alternating currents are referred to by their effective values, 
‘As mentioned above, the number of times which an alternating 
current pauses through its cycle per second is referred to as the 
of the 
frequency/current. The letter "f£" is customarily used for the 
Beecucicy ena "p"* for the value of 2 tr f.. 
in what follows it will be shown that the same laws which 
apply to direct currents apply also to alternating currents. Cal- 
culations in alternating current circuits can be made in the same 


wey Os 1 direct current circuits, it is only necessary to give a 


Slightly different interpretation to the terms so as to take 
account of the two additional factors which are involved in 
ine 


alternating current problems, namely,. the 7 relation between 


currents and voltages, and frequency... 
2. Resistance. 
In a circuit containing a source of alternating electromotive 


“oree of maximum value E and instantaneous value e = E sin 2 f t 
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in series with a resistance R, Ohm's law as stated for direct 


currents applies, It is:< 


: (124,.) 
R 
i ein 2? .t = Esin emit (125,) 
E 5 
t = __max (126,) 
Max. R 

H 
a 5 ge OP ‘ 
Pore, is R (127.) 


Theat 18, the ratio of voltage to current is the resis- 
tance for all ways of expressing the voltages and currents,, ins 
stantaneous, maximum or effective, The a.c,. voltage drop across 
the resistance has its maximum vaiue at the same time that the 
current has its maximum value and so for ail the corresponding 
values in the cycle. The voltage drop across a resistance and th 
current through the resistance are said to be (in phase." 

The power which an alternating current dissipates in 


a resistance is 


P=tore, = eff, ea 
or aS indicated above- 
Peat -R (129.} 


3, heactance, 


Because of the fact that an alternating current is 


ch 


constantly varying, inductance and capacity in a circuit affect 
fiow of alternating current, The effect which these quantities 


have on the flow of the current is referred to as their reactance, 
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The reactance x, offered by an inductance of L henrys to-an alter- 


nating current of frequency f is 


mw 2 ve nw Lf LD 


L (130.) 
The reactance Ky offered by a condenser to the flow of a.c,. is 
2 de le ay 
C 
2 20 (231,) 


It will be noted that the reactance of an inductance or an in- 
ductive reactance increases with frequency, while a capacity 
reactance decreases with frequency. In.a circuit containing only 
2 soyree of alternating electromotive force of voltage E and 


frequency f and an inductence L,. the current which flows is 


STC A 


Similarly in a circuit containing only a capacity the 
current flowing is 
es ae Spar £50" E | (133..} 
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While a reactance can affect the current flow in 4& circuit, 


no energy can be dissipated in a'reactance,.. Energy is stored in 
the electromagnetic and electrostatic fields associated with an 
inductance and capacity respectively, during one part of the 

cycle but the same amount of aie is released from these fields «% 
the circuit in another part:.of the current cycle.. Mathematically, 
the difference between the power which is released during one pars 
of the cycle and that which is stored during the other part is 
expressed by giving the power which is released the positive sign 
and the power which is stored the negative sign. The sum of the 


two during this cycle is then. zero... 
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It will be remembered that in the case off direct currents, 
power was defined as the product of current and voltage. This 
definition still holds when dealing with alternating currents for 


the instantaneous values. From this i¢ follows that the power 


is positive when the instantaneous current and voltage have the 


Same sign, and negative when they have opposite sign. 

Figure 28 shows a plot for one cycle of the instantaneous 
current, voltage and power in an alternating current circuit having 
only inductive reactance. As pointed out the power is: positive 
during half the cycle and negative during the other half. An in- 
spection of the figure 28 shows that this requires a variation of 
the voltage and current such that when one of the two goes through 


its maximum value, the cther is zero and vice versa. Successive 


maxima of the two, it will be noted, are oné~quarter of a cycle 


apart. Such a time relation between current and voltage.is 
mererrea to by sSevying that the two are a quarter of a cycle out 
of phase, 

Figure 88 shows the relations in a circuit having only 
inductive reactance. The voltage drop across an inductive reac- 
tance reaches its positive maximum value when the current through 
the inductance is passing through zero towards its positive 


maximum, that is, the voltage variation is a quarter of a cycle 


a 


Shead of the current variation. The current in this case is said 


to “lag” the voltage. 
The voltage drop across a capacity reaches its maximum 
positive value when the current through the capacity is passing thru 


zero after decreasing from its maximum positive value, that is, the 
voltage variation is one quarter of a cycle behind the current varia- 


tion. In this case the current is said to "lead" the. voltage. 
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In combining reacteances in a circuit, inductance and 
capacity reactance are taken to have different signs. It is 
usual to take the tnductive reactance as positive and the capacity 
reactance as negative. Therefore, in adding an inductive and a 
capacity reactance in series the algebraic sum is taken ‘to obtain 
the total reactance of the combination. 

It is often convenient to plot alternating currents in 
polar coordinates as shown in figure 29, In this representation 
the lengths of the vectors represent their effective value, and one 
complete Gye1e 16 taken to be 360°, Fractions of a cycle are shown 
as eorresponding fractions of this angle. <A phase difference between 
current and voltage of one quarter cycle in this method of repre- 
sentation is shown by an angle of 90° between the current and 
voltage vectors, 

The vectors are assumed to rotate in a counter-clockwise 
direction. In figure 29, for instance, the current lags behind the 
voltage by 9°, Referring the phase of the current to that of the 
voltage, the current then is often written I1\/eo On the other 
hand the voltage leads the current by . Referring ov phase of 
the voltage to the current, the voltage then is often written E/e°.. 
In working out problems it is immaterial which vector is taken as 
reference so long as all phase angles are referred to the same 
vector throughout. 

4. Impedance. 

tne impedance of a circuit is defined as the ratio of the 

woltage across the circuit to the current flowing in the circuit, 


This statement corresponds to Ohm's Law for direct current 


circuits, but the term impedance replaces the term resistance. Taking 
in figure 29 the current I as the reference, it was pointed out th2i 
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fhe Hortense can be written EB /e° , The impedance Z beting the 


ratio of the voltage and the current then follows: 


os al page 
E z 


pe SS 


Thus it will be seen that the impedance has an angle and can be 
regarded as a vector quantity. 


Tt was pointed out above that in a circuit having only 


resistance, the current and voltage are in phase. A resistance, 
consequently, has zero phase angle. In a purely reactive circuit, 
however, it has been shown voltage and current are 90° out of phase. 
A reactance consequently has a 90° phase angle, 

In plotting impedances as vectors it is customary to 
refer all angles to the horizontal axis. Figure 30 shows an impedance 
vector diagram, The resistance R is shown along the horizontal 
axis and the reactance X at an angle of 90° to this axis, or in the 
direction of the vertical axis, The impedance of the circuit is 
found by adding the resistance and the reactance geometrically, as 


shown in the figure, Thus the relation is obtained 


Sim fe 4x" fee (134-a) 
where © is determined by the relation 


tan G8 =s x 


R 
As pointed out above an inductive reactance is taken as positive ano 


a capacity reactance as negative. Thus the combination of a resist- 


ance R, inductive reactance x, and capacity reactance xy is repre- 


sented by an impedance 
Z of p0 
ee eee vig) eo (134-0) 
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5. Vector Notation:* 

in referring to impedances in alternating current circuits 
it is customary to use a Vector notation, The letter "j" is used 
in the notation to indicate a phase difference of 90 degrees. Thus 
the expression 

eR + 3 xX (135) 

indicates that the reactance X is 90 degrees out of phase with R in 
Bte effect on the current, and the total impedance Z of such a 
combination is obtained by adding R and X as vectors with this 
difference of direction of 90 degrees. Similarly, equation (134-b) 
can be expressed, 


ooo Re 5 a ~ j Xa (130-2) 
Ct iA k-X,) (136-b} 
If two impedances 
Be a dS, (137) 
and Z= R,+ 4 x, | (138) 


~ 


are in series and it is desired to obtain the impedance of the com- 
bination, the equations can be added as 


Be ee SgaD tale de ye (J 
Pes LTR FY (xXL+ x) (139) 
cy as sae CZ. 1 a 


The above expressions may aiso be subtracted, multiplied and divides 


in multiplying two factors prefixed by j, as j X. and j Xs the 


{ 
= 2 


a 2 aie -” | * * . 2 A Qo 
product is j Ky 254 a2 J- indicates & phase shift of 90 degrees, 


then a vector shifted 90 degrees twice, has changed its direction >yv 


oC 


*Note: For a more complete discussion of Vector notation refer 
to the following:- 

"Aiternating Currents and Alterneting Current Machinery" 
D.¢.&J.P: Jackson (Pub1.1913 by the Mectiillan Co. ,New 
York) Chapter IV, Sections 62 and 63, and Chapter V; an‘ 
"The Propagation of Electric Currents in Teleyhone and 
Teleerapn Conductors," by JsA,Pleming,Chapter —, or 
"Hlectricity and Magnetism for Engineers, Part II, 
Hlectrostatics and Alternating Currents," by H. Pender, 
Chapter XVII. 
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180 degrees, i.e, it points opposite to its previous direction. 
In mathematical terms 
are. S > =~, X, (140) 
from tris, - 32 = =] (141) 


This valuation of "j" gives a means of determining the 


er2e0. Of powers of *j".. Thus, 


ee (142) 
fa {-1)= -3 (143) 
jo =1 (144) 
j= 5 (145). 
and SO On, 

Gis R= i ='-3 (146) 
eo fod 

For an impedance 
Z = REIX; 


it has been noted above that Z is a vector in which the magnitude o” 
Z represents the length, and the angle at which it is placed, with 


respect to the vector representing R,is the angle © whose tangent :: 


x 
x , 
Thus R+jX = 2/9 (147) 
2/a = Zcos 9 * j Z sin @ (148) 
R= Zcos 9 (149) 
LS Sa *sin ‘6 (150) 


The €xpression for a current in terms of the voltage E 


across @ circuit and the impedance 2/69 of the circuit is 


eat. = ay} (254) 
2£0__ R+jX 
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Multiplying both numerator and denominator by R - jX gives 


I B(Ro j= i ~-2 a - jE pa | 
Ro- j°X* R +X are (152) 
2 2: , 
Now R~ + X is the square of the magnitude of 2 
me -i3 (253) 
Magen 3 2 
z Zz 
a, alae. 
2 ae (154) 
Referring to figure 30 
R (155) 
oes cos 8 
X= sin 0 (156) 
-, | 
Therefore I= E (cos @ - j sin QO): (157) 
Z 
or I= Be (158) 


It has been shown (see equation 147) that a vector may be 
written in two forms, either in the form atjb or in the form c/@° 

In general when adding or subtracting vectors it is con- 
venient to use the first form, whereas when multiplying or divid- 
ing vectors the second form is convenient. 

6. Combination of Impedances. 

With this vector notation, impedance elements can be corm 
bined in the same way as resistance oo agen in series or parall¢'. 
provided the "j" is properly taken Geto account. Terms not having 
the symbol "j" can be added directly and likewise terms 
having the symbol j- Terms not having the symbol j cannot 
be added to terms prefixed with the symbol j. Terms can be 
multiplied or divided py each other irrespective of whether or 


not they have the symbol j prefixed, but the symbol if associated 
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with either term must be teken into account. as indicated above. 
Given a resistance = ee 
an inductive reactance = +jX, 
a capacity reactance = =jx. 


These terms when used to indicate the impedance elements in a 
circuit, can be combined in the same way as resistances for 
G@irect current circuits, Elements in series can be added to 
obtain the combined effect, thus, 
7 RR, +5X, - 5%, (159) | 
Likewise, the impedance of a combination of two impedance 


€élements in parallel as equal to the ratio of their product to 


their sum, Thus the impedance of R and jX in parallel is 


io Pete. 
. R+jxX (160) 


Similarly for jX, and ~jX, in parallel 


iii ee Oe Ry IX 2 5% HX HI HH 
Ce se a a). zy. 


For two complex impedances Ry + j X, and Ro J Xo in 


parallel the impedance of the combination is 


ee ye 162- 
is (Ry +3%y) (Ry 5X9) (162-a) 
R +5%, +(R,~5%,) 


This may be reduced to 


* ‘wax. % 32% 3 
+3X,R, JXR) 5 4X, (162-0) 


+ jX_ = 72 
RQ Rit dA, cee 
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The term admittance, Y, is used to designate the recip-~ 
rocal of impedance. } 
aa 163) 

os . | (163) 
The real part of the admittance, G, is called the conductance and 
the imaginary part, B, the susceptance, Between the admittance, 
conductance and susceptance the relation exists that 

1 = G + 3B (164) . 
Referring to equation (153) it will be seen that the conductance 


G and susceptance B of a circuit having an impedance, Z= R+ jx&, 


are | 
G=R (165) 


ee 
“hyhnt 
a 2 (166) 


In a circuit consisting of two parallel branches, one of which has 
an admittance, Y, =G+t+ JB, > and the other of which has an admit- 
tance,.Y, = Gy + JBos 


18 the vector sum of the two admittances Yy and Yo ° 


the total admittance, Y, of the combination 


hs a a a (167) 
= | j B 168 
G, + ca sera + B) {1068) 


This relation can be stated generally that = 


When several imoedances are in parallel, the total admittenc: 


of the combination is the vector sum of the separate admittances,. 
72 Resonance, 
In an a,c. circuit having both capacity and inductance in series 


the reactance is zero whenever the capacity reactance is equal 
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in magnitude to the inductive reactance, i.e, when x, = Ka as can 


be scen from eguation 136~»b. 


From equation 130 and 131 it follows for this condition that 


ewe L= 1 
ayfc. 0) 
— es = 1 
on f Snoketeee i 2 Yi i “ia ea (170) 
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This shows that - 
* 
In a circuit having capacit 


and inductance in series there 


is one frequency at which the total reactance is zero. This 
frequency is called the resonant frequency of the circuit. 

There are also circuits which have several resonant 
frequencies at which their reactance is zero, 

When the resistance of a-cirevit is small relative to the 
capacity reactance and the inductive reactance, the impedance at 
the resonant frequency assumes 2 very small value. Very large 
currents may then be set up in the cixrtuit compared with those set 
up at other frequencies. In all circvits having capacity and 
inductance in series, it is therefore necessary to know the 
resonant frequency (or frequencies, if there are several) and tc 
determine the resonant effects, as these may under certain 
conditions be very pronounced and considerably affect the 
behavior of the circuit at that frequency. 

A Similar relation exists when capacity and inductance are 
in parallel in a circuit. The expression for two reactances xy 
and a in parallel is 

+ : ie’ Oe 
a, + xy 
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represent an | ve reactance and K, a capacity 
ee, : 
Sey then X becomes infinite when X= Ke The frequency 


at which this occurs is called the anti-resonant frequency of 


the circuit. This frequency is given by equation 170, where L 


and C are the inductance and the capacity in parallel. 
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B=A.C. Networks* 

As has been indicated several times, the laws and re- 
lations which have been*“discussed and derived for the flow of 
agirect currents in circuits all apply to alternating currents, 
provided that the term resistance in direct current circuits is 
generalized to impedance in alternating current circuits and that 
currents, voltages and impedances are treated as vectors, which 
have phase relations as well as magnitudes. 

Thus Ohm's Law for a,c. circuits may be stated:~ 

Pee C82C Lt containing a. source of alternating 
Se ectromouive torce; the current which flows is the quotient of 
the voltage divided by the impedance of the circuit. Also the 
voltage drop across any part of & ¢ircuit is equal to the product 
of the current and the impedance Of that part of the circuit, 

Rirchoff's first law for &.¢4 circuits is 

The vector sum of the currents flowing to any point 
2h 8 netvork jis zero. 

Kirchoffts second law for a.c, circuits is 


Pioeny closed electric circuit: the vector sum of 


the electromotive forces and potential drops is zero. 
Consider the circuit of figure 31 which is similar 


to that of figure 3 except that EH is an a.c. voltage and the 


elements of the circuits are impedances, The formulae for the 
currents in the circuit of figure 31 are. analogous to those 
derived for the circuit of figure 3- 

*NOTH: A simole discuesion on the solution of networks is given 


in Chapter VI of "Alterneting Currents and Alternating 
Current Machinery", : by ).C. and J.P. Jackson, 
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Fe Mee kal + I 171 
a “a \ 

and for mesh abcd 
12,5 1,2, (172) 


and using Kirchoff's first law 


ey 
fea” (273) 


In these ecuations the quantities are of course all 


“vectors, Solving these equations in the same way as for the 


Carcuice Of 2igure 3 the current equations are 


I, = ae (174) 
Too ( fa 
Z5 aa an 
% 
Pee eg Gh ay, 
: Ce ee 
2 3 
v4 : 
+3 Z : Z 2 ae 
3 ; 


With the R+jt valves of the impedances substituted in 
these questions, vector values of the currents are obtained, 
fhe other networks discussed under diredt currents can 
be simijarly treated. The effect of the introduction of series 
and shunt impedances in networks as derived for d.c,. can also be 
Seenerotaceo to cover a.c. circuits. 
It should be neted, however, that power can be dissi- 


pated only in resistances and not in reactances and that if a 


current ty is delivered to a receiving element having an impedance 


Me : tt, , : Depo scp 
Z. = Ry + jx, the power delivered to this element is not 1, Zp out 
ra: 
+3 Sop 
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¢ - TRANSFORMERS 


a transformer is a device for alternating currents, waica 1as no 
analogy in the direct current Circuit because its operation eepends upon the 
fact that an alternating current is always varying in magnitude. A trans~ 
former consists essentially of two coils associatec so tnat the magnetic 
field set up by a current turougu one coil passes throug: tie ot..er coil. 

If a voltage is impressed across tue terminals of tie tirst coil, acy varia- 


tion in tue current sent througn tue coil sets up a correspopcing variation in 


a 
4 


t..e electromagnetic fielc which this coil procuces. The variations of tie 


eee ee te Gece. 6Oil 4 tut. dcuceé a sotertial in tris seco. coil 
Wome 12 proportion. i to %.e6 voltage aciioss bie first coil. 70 make te 
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Uranus. uruer Sre ususily wound, one over the otaer around an fro: core, and t.16 
iro: vareé is usually <« closed core to make tne magnetic circuit efficient. 
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60 
thom are added, double the applied voitage is obtaincd across the 
combination. Quite goncrally, assume thet two windings are placed 
on one core so that all the flux set up in one will link with the 
other, the one winding having Nj turns and the other No turns. 
A varying voltage V,which is improssed across the outer tcrminals 
of the first winding then produces Vi yolts across cach turn of 
Ny 
this winding, as the voltage divides equally between the turns 
provided they are ali alike. A voltage of tre same magnitude 
Le aa Mente : are ae : 
— 15 induced in each turn of the second winding. As the second 
Nj 
winding has No turns which are all connected serics aiding, the 
voltage Vo measured across the outer terminals of the second 
Pee : Vy : : Tho 
winding will be _1 No. In dealing with transformers it is 
N Wh 
customary to refer to the two windings of turns N) and No) 
respectively, as the primary and the secondary windings. The 
above relation between the voltages Vy and Vo can be written 


as follows: 


V; 
= + NL (1772) 
= Ne 

or VyNq = VoNy (177) 


A transformer presents a means of transferring power 
from a circuit connected to one winding to a second circuit con- 
nected to the other winding without any cirect connection between 
the two circuits. Figure 32 shows « transformer connecting 


a generator of 
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él 
voltage E and internal im>vedance Za to an impedance Zo. Power is 
delivered to the transf.imer which in turn delivers the power to 
the load Zo- =For a perfect ete! 4 power delivered by the 
transformer from winding No would be equal to the power put into 
winding Ny> that is, ths transformer would be 100 per cent. efficient. 
Such a transformer consequently would introduce no losses, if placed 
In ac eircusrt: Since it is practicabie to make commercial trans- 
formers which approach this efficiency very closely, this discussion 
will be confined for a time to such a transformer. 

Since no power is lost in the transformer and since the 
phase relation between. the voltage and current on the two sides of 
the transformer is exactly the same, the product of the voltage Vy 
acress the primary by the current I, through the primary winding is 


equal to the corresponding product for the secondary winding, that 


is 
Y)T) = Vo Ip (178) 
or Vy i. Ty 

yo 179) 

V5 i (179) 
Substituting the value of "1 from equation (17%a) 

Va 
z ; 
Zio Ty “ 

irgioras (189) 


The relations in equations (180) and £177) can be 


expressed as follows: 
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The currents through the two windings of a transformer are 
inversely proportional to cee number of turns in the two windings, 
and the voltages across ts two windings are directly proportional 

to the number of turns in the two windings. 

Now 
eagle (181) 
Substituting the value of Vo from equation 


(177) and the value of I2 from equation (180) 


f 3 

A U2 Nw i (1822) 
et Tage 

Then 
V ieee Me 
Ag 7 1 
Sg {= ve 182b 
= iy} 2 (182b) 


This relation can be stated that e- 


The impedance across the terminals of the primary winding 
of a transformer when the secondary winding is closed trough an 
impedance Z2 is equal to the square of the ratio of the number of 
turns in the two windings times Zo. 


The current through the first winding is then 


Zo (183) 


If Nj is greater than N2 the impedance which is connected to 


2 
N1)o 


No ) 


Correspondingly the current through 25 is greater than that put 


the generator terminals is greater than Z) by the factor 
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out by the generator by the factor Ny 
N- 


re 
If Ny 5 No, then 24 = Zo and I, = ig and Vy = Vo- 
Therefore I, = E 2 : 
Se Re se (184) 


The above shows that placing a unity ratio transformer in 
the circuit does not change the current through Zo, but breaks the 
circuit continuity between the generator and Zn- A unity ratig 
transformer consequently discriminates against the passing of direct 
current between the circuits on either side of the transformer but 
still allows alternating currents to be transferred without ape 
preciable loss. 

As has been indicated, the transformer provides a means 
of changing the magnitudes of alternating voltages and currents 
and also of modifying the magnitude of the impedance of any circuit 
or apparatus te which it is connected. One application which is 
useful in the telephone system is the placing of a transformer 
between two impedances which are wncqual in order to recuce the 
transition less at the point. Thus in Figure 32, the ratio of the 
turns in the transformer windings can be adjusted to make ae Z5 
equal in magnitude to ZG, The transformer cannot, a eae 


the phase of the impedance. 
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64 
2. Physical Transformer of Unity Ratio. 
In dealing with circuits in which a transformer is connected, it 
is often convenient to use an «qguivalent T-network to replace the transformer. 
The design of such a network is here given for tne case of a unity ratio 
4 


transformer. If the impedance of one winding of the transformer (refer to 


Figure 33), say the primary, is Z. when the other, or secondary, winding is 


p 
open, and the impedance of the secondary winding is Zs with the primary 
open-circuited, the impedances a, b and c Gy equivalent T-network are 
given by expressions corresponding to equations (77), (78), and(79)- 
Remembering that the impedance of the primary with the secondary snort- 


v 


Gircuated 16 zero by equation (182b), it is 


os [2 Z (185 ) 
aand b have the values 


az Zy = (186) 


Gre eh at (187) 


The equivalent network of the transformer is slown in Figure 34. 
It will be noted from an inspection of this figure tnuat with the secondary 
a 
v 


open, tne voltage across tne terminals of tne seconcary Vo for .@ curres 


oO 


J, in the primary is equal to tue voltage drop in te s.unt inpecauce ¢, 


‘ : is ers : Vo ; 
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Similarly, Ze and Z, are referred to as the self impedances of the 


transformer. 


Tans the result is obtai:ed that 


From equation (185) it then follows that 


If the transformer is unity ratio, as assumed here, that is if 


Ny = No, then 


N 
st 
i. 


z (192) 


and ZV = . Ss (192 } 
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In this case the equivalent network of the transformer reduces to a shunt 


impedance of magnitude 2). 


Above, the perfect transformer was defined as introducing no loss 


when placed in a circuit. Tne equivalent network shows the mutual impedance 


of the transformer as a shunt across the line. In the discussion of networks 


° 


it was shown that the loss introduced by a shunt impedance is the smaller, the 


larger the line impedance. in order to introduce no loss wien connected be- 


tween resistances, a shunt impedance would have to ve indefinitely large, i-e 


a perfect transformer has infinite mutual impedance. 

In the physical transformer, of course, all impedances are finite 
in magnitude. In other words the transformer takes a small open circuit 
current. This corresponds to the current required to set up the flux in the 


CO Bie 


in addition, transformers cause a loss in a circuit due 


“ay ea 


: : a 
Chere ee 
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to the fact that the winiings have resistance and dissipate heat 
when current flows throvzh them. Also all the flux produced by 

one winding does not pass through all of the other winding, seme 

of the flux "leaking" away from the core path. Furthermore, a small 
amount of loss is occasioned by currents induced in the core itself, 
(eddy current losses) and in the setting up of the necessary flux in 
the core (hysteresis losses). 

For these reasons, in a unity ratio transformer, the 
‘mutual impedance is not equal to the primary and secondary impedances 
but is less than they are by a factor which is termed the leakage 
impedance of the primary or secondary.. This leakage sebclahce ine 
cludes the resistance of the windings and the reactance caused by the 
leakage flux. The mutual impedance has a resistance component cor- 
responding to the losses in the core. 

34 Physical Transformer of Inequality Ratio. 

In determining the equivalent network for an gnequality 
ratio transformer, the same formulae apply as for a unity ratio trans- 
former. It will be noted that the series impedances of the T network 
become the larger, the larger the voltage ratio of the transformer, 
and that the sign of the series impedance on the high voltage side 
has its sign reversed. In the circuit of Figure 35 the current on 
the primary side of the transformer is 

Mee oa ie ae (193) 

Die ge iO Bag 


#9 + 4s 


The current on the secondary side of the transformer is related to 


that on the primary side by the equation Ip = I, 7 
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Tre trarnsiuission line for ai:ternating currents possesses 
four properties, which sre termed "primary constants". These are the 
series resistance of the wires, the inductance of the circuit, tne 
capacity between the two sides of the circuit, and the leakege resist- 
ance, or conductance, between the two sides of the circuit. These 
quantities are certomarily designated respectively by KR, L, C and G. 


Of these, Rand L are series constants and C anc G are shunt constants. 


A short. piece of such a line may be represented by the circuit shown 


’ s 
le 


in. Figure 36 where these values ver unit leneth are shown lumped. 
Actually, of course, they are distributed. 
he series impedance eeamcit ; é,, 07 such a line fora 
frequency f is 
Z@ = R+j2W th = R+5 wh (194) 


The shunt impedance element. Z. may be obtained by adding 
together the admittances of each of the two and taking the reciprocal. 


Thus Lo = 2 oh 7 


lL. Characteristic Impedance 


A uniform a.c. line has a characteristic impedance just 


as a uniform direct current line composed of resistances only, has a 


Characteristic resistance. For the resistance linc, the characteris3ic 


resistance was 


R= VAT (99-8) 


Thus, by analogy the characteristic impedance of the a. co 
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It will be-noted that, since the factor p involves the frequency 


of the current, the impedance will change with frequency. If this frequency 


becomes zero tien 


/R- 
Z=/ G 


which is equivalent to equation 99-b when Ry is the series resistance of the 


(197) 


dine and Go the leakage conductance. 


The variation of the impedance of a No. & B. W. gauge open wire line 
with frequency is shown by figure 37. This line has the following constants 


a 


per mile length of circuit 


« 


Roe 4.14 ohms 

C= -00914 microfarads 
L= .00337 henrys 

Gs 9 mhos 


The impedance is shown in both forms R+jX and 2/Q_. 

Figure 38 shows the characteristic inpedcsnce ola Nes ig 3B &@ 3 

gauge cable circuit which has the following constants. 
R= 88 ohms 
Co = 054 microfarads 

In cable circuits the values of L ard G are small, and nave been 
neglected here. 

2. Propagation Constant .* 

When an alternating current LS passed over a given length of line 
having resistance, inductance, capacity and concuctanuce 1% is uo 
attenuated, that is, reduced in its effective value, but the instantaneous 
values of the currents at the two ends of the line are 

* Note: For a more extensive presentation of the matter 
under tiis neading refer to a book by J. A. 


Fleming “The Propagation of Hlectric Uurrents in 
Telepnone aud Telegraph Conductors" Onapter III. 
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not necessarily at the sexe rels.ive positions in she cycle. The factor 
which takes both of these ei:i4-s into azcouns is termed the “propagation 
constant." Again using the anz.ogy to «he resistance Line wnere the attenua- 


tion was found to be 


x os act 
if RQ (103 / 


ere [ey e ee : A er 
a Na ee aa (ie Oe orders 
ti ff Gtjpe 


~ /(R+jpL) (G+jpo) (196-b ) 


This will be seen to heve a value which vill include terms with and 


witnout j- The propagation constant may then de exvoresses 


rs ff ty , . {nn * 

les Se ae (199) 
wheregg” is the “attenuation conszant" id 18 vermed tus “wave length con- 
stant." and 8 can be determined ig rately from equation 198-b to have the 


following values. 


of 


1} 
pk 
role 


cae L 2 ) (eae? Coe (GResenc) ¢ (201) 
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ese expressions form i eppéear rather formidable and it 


. * - * ‘ Q x : ‘ 
is usually easier to evaluate tiom by working ow. equation 190~b. Te Bern 
without j is then the value of gg and the term vits.j tae value of B - 

If the constants used in the ior.mla for tie sropagationr CANA 
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are the values per mile lengzvh of circuit, the equetion gives the propaga- 

Q | ; ieee t Be: 
tion constant per mile. The pregation constant for any length nga Miles 
will be "f/' times the value ver iille. 


The ratio of the currenss at the two exds of a line of length 


$0 


. where I,, is the current at the sending end and Ip at the receiving 


end, is 


i ~yb -(x+ip) 
Beets oP # 


This can be written 


Bary ae 


rh ots [ph (203) 
I}, i 


This means that the magnitude of 


i 
vs 7.9 7 HK 


2S Niky (204 ) 


> 


and that the two currents differ in phase by the angle@1, where Fa) is @X~ 


* 
' i 
pressed in radians, a radian being 360 deprees = 57.3 decrees. 
2 7% 
Figure 39 shows for a given instant a plot of the magnitude and 
TE ie 


direction of the current at the various points alongia No. Oo B. We. gauge open 
wire line for a frequency of 6CO cycles. Figure 40 gives a picture of the 
currents, one Quarter cycle iater, and figure 41 a calf cycle later than is 
indicated on the first Grawing « 

The envelopes of these curves show “ow wis current is at 


. 


along the line. These curves show the attenustion of the meximum values 
of the current wave, bus the attenuation of the effective value of the cure 
Pouce WOuld, oe: course, be directly propertionel to this,.as all points. 
Referring now to figure 39, it will be ssen shat ai the instant 
that this picture of the current elong the line is taken, the current at a 


point 113 miles out is flowing in the opposite direction to the current 


‘entering the line. 4é points 56.5 miles 
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and 169.5 miles out the instuecteneous currents are zero. At a point 226 
Mires out, the current is 4 wexi.... flowing in c26 same direction as the 
input current to the lings Bau ssn the es a Sid Soins’ d tie current has 
snifted through a complete cycie. this ere. ie is referréd to as the 
Wave length of this liane for an $90 cycle curren. since a complete wave or 
‘cycle is included in the length. 


BA 
: 


. ae : es 
This wave length,A, may be evaluated from tue equation 


peal (208 } 


Bites al the phase ee ale mile of line, the length required 
to shift a complete cycle will be the quotient obtained by dividing 360 de- 
grees (equals 2%), which is a cycie, ee the shift P per mile. 

Since a wave length is one cycle in lengtn, the velocity of 
propagation of the current along she line is the product of the length of a 
eyele by the number of cycles rer second, i-e- the frequency. 

The velocity W then is, 


(206 } 
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7 
c (as 
eo ay = 
5 
de Pr wae fy ok 
W ie Te oat Pp (207) 
From the formula for the velocity of vropagation, it can be seen 
that this quantity varies with frequency. 


i Can me shown teat ii the constants of wlie Line are related so 
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or Be Sea hoe (209) 


the attenuation Const ns becomes 


a a (210) 
p ae py C L (211) 
hence 
1 
Woe Y CL (212) 


For this case it is seen that the attenuation is independent of 
the frequency and hence is the same for all frequencies, likewise, the 
velocity of propegation is £3 same for all freguencics. A line 
having this relation of its fundamental constants is said to be 
distortionless in that it transmits all frequencies equally well. 
Reference will be made to this relation leter in connection with 
the telephone transmission line. 

For many of the cables used for +elephone trensmission such as 


the No. 19-gauge cable for which the constants jen on page 68, 


o 
3 
149) 
6 
140) 
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ple 
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the inductance and conductance are so small that they can be neglected 
in their effect on the vropagation. If i+ is assumed that L and G 


are zero, equations 200 and 201 form and & reduce to 


Be 
OM =/pkR¢ (213) 
2 
p 5 ae (214) 
2 


th 


The attenuation anda the wave length constant are equal for 
this case and both vary as the square root of the frequency. 
3. Reflection Loss. 

If a line having a characteristic impedance of Zo / 0 


is connected to terminal apparatus having an impedance Zr / G ; the 


current flowing into the terminal apparatus is different from what 
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it would be if the termine. apparatus had the samc impedance as the 


to;cther two 
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line. Pes criees oO tc Leceivyod curront of bringing 
Giterent ampodaricos is c:..ied "reflection Loss". Referring to 
equation 50,-which vas dorivod 40 five the offect of connecting togethor 
+wo unoqual resistances and substituting voctus impedances theroin, the 
magnitude of the reflection loss at the junction of two impedanccs is 


indicated by the expression 


(225) : 


4, Transition Loss. 

In deriving the exvoression for tho transition loss between two 
resistances it was stated that it was the loss as compared to the 
condition of delivering inc maximum pover to the receiving eciement. 
Consider now the circuit of Figure 42 where Z, is tho impedance 


of a source of a.c. and Z9 is the impesance of a device to which 


@aeCe power is to be dcelivored,. Tne. currscot iGelivered to a, is 


yd 
I= ee { 21 6-a ) 
Z1 + 4, 
Ry +Ro +5 (xy +Xa) ( 216-b) 


The power Pj delivered to 2) is the square of I times the 


resistance component of Z2 that is 
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For Ry, and Ro fixed, the value of Ps increases as X14 Xo 


becomes smaller. 


The limiting case, %4Xp 50, is obtained when Ao= -X., If thi 
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adjustment can be made the resistances alone remain, anc it ha 
1 ” 3 


been shovm that for this case the maximum power is delivered t6 ig 
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The equivalent current ratio is the square root of these relations or 


y ea 
£ PAR, | (221-b) 
A, +Ro+j(X1+X2)} 


. oS 

= */2325 cos @ cos G : 
A (221-c) 
21 [a + 22 /é 


The difference between reflection and transition iesaae will be apparent when 
the difference in the two reference conditions is remembered. he reflection 
loss is referred to the condition that the two impedances at the junction ot 
which the loss occurs are equal in magnitude and phase. The transition loss 
is referred to the condition that the two impedances are "conjugate", i-e. 
equal in magnitude may of opposite phase. The latter, as has just been shown, 
os tne Condition. for maximum pover transfer. shus fnaving two impedances in 

@ circuit equal is not the condition for maxirum power transfer, It is 
possible to design the circuit more efficient.sy by introducing a phase differ- 
ence between the two impedances. From this it follows that it is possible to 


Mave a réitlection “gain” at tne junction of two impedances, whereas it is 
g : p 


never possible to have a transition gain, 
’ 


In many cases tne impecance ci teri.inei apparatus cannot be changed 
either in magnitude or phase to give the maxitun pover transfer. In such 
cases a transformer can be used to make the magnitudes of the two impedances 


equal. ‘The loss which could be eliminated between the two impedances of 


he 


figure 42, for instance, by inserting a transforier between the tvo impedances, 


is indicated by the equivalent current ratio 
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This is on the basis tnet the transformer itself causes no loss. 
Returning to tne case vrere 2) and Zy are unequal, it is possible 


Go place a transiormer having a turn ratio of n between the impedances so that 
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er 
R, = n°Ry (223) 
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By placing a compensating reactance ne in series with X59, 4, can be. made 


is 


ai (Xo +X } (224 ) 

This presents the conjugate impecance to 4), and so maximum vower is delivered 
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5. Equivalent Network. 


Tae equivalent network of a length of uniform line, for alternatizxg 


Currents, can be ovotained by tie same formulae usec for t..e resistance line, 
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nd tae propasa- 


Proviced tie claracteristic impecance 4 be Substituted for aA, 


LON CONST 2ANt for the attenuation constant i ecuetions i07-a and 1Qc-a 
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6. Terminal Effects: 

The formulae for the «3-7ing ed impedance for a line of length 1 
having a characteristic inpédunc: 49 and propagation const ant F with the receiv- 
img end (1) closed through an izcedance Zp, (2) siort-circuited and (3) open 


eh 


Sircuited ere readily chtained fro: the corresponding expressions for the dic. 


tine (equations 109, 110 and 111). 


The sencing end impedance with the far end clésed throuch an in- 


iggy), coeh FM + Za sinh ¥ &, 
oO rte i te 


: 4, cosh}? #, + Z, sinh rE 


The sending end impedance with the far end short-circuited is: 


(228 } 


é., = 2, tenh OP (229) 


The sending end impedance with the far end cpen circuited is: 
a (230) 


4+ iransmission Systeén: 
10 Getermine the operation of an a.c. troansnission circuit consist iin 
ie he ee | ee a oat : hod 
» @unifori: line of length gy, characteristic sawntegys 


Oi a source of a.c. of inmedaince Z, 


Jy propagation constant Wr connected to 2 receiving eleient of impedance 4, 


tae procedure is Similar to that outlined for the cirect current circuit con- 
taining only resistances. The foruulae correspora in tie two cases, tne only 
gifference being that the a-c. quantities are all vsctors and their phase re- 
lations must be taken into account. 

In connecting a piece of apparatus in a circuit to the end of a 


line, maximum efficiency, as was pointed out, is obtained if the two impedance: 


connected together are conjugate. if tais is 
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not the case they can ts made so by acsuciuting with one of them 
a compensating reactance and a transform3st e ™f it is not possible 
to adjust the reactances. the best thirg is to insert a transformer 


which will make the tw impedances equal in magnitude. 


iy 


deadpan arbre 


Dik 


== LOADING 
a eeaee 
ina unatorm civics which is Carfring an alternating 
current, it has becn shown that as the current passes along the 
line it is attenuated or decreased in amount. if J. is the current 
at ae point, the magnitude of the current I. at some point i units 


of length further along the line is represented b 
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equation. 

ane take (232) 
where ois the attenuation constant of the linc. The reletion 
between the voltages at the two points is given by a corresponding 


equation to be 
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f the cnaractcristic impedance of the iine is 29/6 
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That 16; at both points the voltaze and current differ 
in phase by the same angle . Tne vower et the two points 
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-~fa- 
Since Voand L5ere respectively 
has been dissipated in tne lire in pessing from the first. point 
to the second. in Sey aiell ABeiton..of. the line, for which the 
series resistance is r ard the Leakage conductance g the power 
dissipated is 


rey 4 Ye 


Tie ene, (237) 


wmnere 1 2s the current .through the small section of line gnd V 


Pos 


is the voltage across it. In general, in both power and tele- 
phone transmission’ lines, the leakage conductaizce is small and 
the term Vg is small compered to 1 Pai vom topes Av foallows 
that the power dissipated in the line can be reduced if the 
current sent over the line ist decreased, 

Since the power sert over the line is proportional to the 
produc, Of the voltage andthe current, the current sent over the 
line can be reduced and the power kept unchanged, if the voltage 
a2 correspondingly increased. If the impecance: of pews is 


increased, the ratio’ of voltage to current is increased. Further- 


more, the current required to transmit a given amount of power 


at @ given voltage can be decreased if the phase angle, @, of tne 


line impedance can be decreased, 

an transmitting power at commercial power frequencies, the 
use of 2 transformer at the receiving end to step up the impe 
Bee ot the terminal .apparatus Oe aes the impedance of the 
line and hence increases the ratio. of voltage to current on tv. 


line, thus teducing the line losses. The transformer, likewisz: 
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‘performs the A hs aca cz reducing the voltage.to meet the 


operating requirements of the terminal advaratus. The impedance 


of power lines if largely determined by the apparatus connected 


eo ‘the Line. in general, this apparatus has a »vositive reactance 
pr i ; > 


on 
5 


and in some cases the phase angle of the impedance of the line 


is' reduced by connesting to the line apparatus having a negative 
reactance, such as synchronous motors, running idle. 

A telephone transmission line has, in general, for telephone 
frequencies such large attenuations that its.impedance at the 
Semding end is practivally unaffected by the impedance connected 
across the receiving end. ‘Such a line is said to be electrically 
"long", while a power line is generally electrically "short" for 
commercial power frequencies, AS a result of the fact that the 
Be enone fie 15 Clectrically’ long, use cannot be made.of high 
Bi odands terminal apparatus to. effectively reduce the line 
losses. 

For the usual televnone cable circuit, the expression for 


the characteristic impedance can be csinolified from 


2° ts tol (196) 
i G+ jpe 
to 
cm =e TE * JB, fase 
Fiat tae” 


because the inductance and conductance are so small as to be 
negligible. The apove expression shows that the impedance of <%.. 
line varies in magnitude inversely es the square roct.of the co 


quency and for all frequencies has a phase angle of ~45°, The 
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current entering the line for .a given voltage, Pier bre pes varies 
Mith frequency and is 51> of phase with the voltage by 45°. 

If, now inductance ee added to the cable circuit in 
Burficient amount so that pL is large compared to R, the express- 


ion for the impedance can be written 


ey fag, Se eoy. 
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This impedance dee aaehade et of the frequency and its 
phase angle is zero, both of which changes are desirable. The 
magnitude of Z, will vary as the square root of the inductance 
and so can be controlled in this way. 

The attenuation constant of a cable circuit has been shown 


to be 


(213) 


which varies as the Square roct of the frequency. 

When in a uniform line the series resistance and leakage 
Didiereuce are small compared respectively with the inductive 
reactance and the capacity susceptance, an approximate expression 
for the attenuation constant can be obtained, as follows: | 


Theexact equation for the attenuation constant has been 


Shown to be 


ec see Fak we we 


a Vixens?) (G-+p* C2) i (cR-p2z.c) | (200) 


Expanding the expression 9 >) Ln tis 


(R2+ p°n7) (G°+ PHC 


‘ 4 & : : yok : i : 
formula by the binominel theorem , the infinite series is obtai:- 


*Note: Por a discussion of the binominal theorem refer to "A 
College Algebra" by H.B. Fine, Part Ji Chapter 4, 


rk | Oe 


~ 


BA Be 


F, « j r +on 4) 0d 4 ik Lae) iS P tne a 
, ra 04 , 
‘ . ; 


alae 


cee res 


\ 
. 
- : os 
: ‘ 
a 4 of { 
. . Re Aas aA, et oY as 
. 4 a 
‘ * « Oe 
; " Aas 7 
; ‘ a Bey eee Ba Gar ee 
d - 
' ‘ 
x eta) ; 
A - ty + 
¢ ee i ~~ 4 e ’ ‘ t 
beh om wen aa = 
j 
' 
< ah 
: ’ 
, J ’ . i. y ' , a 
: ee " - pee ‘ y 7 
: nae ' . , =>. an es ee oes 
a seas ig bo, BO ie k Cet “rary al ache 
\ \ ' I kee ee ee fe NG? hi to 2 : we ee ee 
: Af JP ak i ee 7 : 
A ' < oh 
< " - 4 ; eee oe ° 
vas hs Pai . . F 
‘ ! - 
' “ 
. 
ae S 
' . : 
, 
y i i 
. anos eer sone 
ae 
’ 
¥ 
¥ 
. ‘ ; 
7 > . ‘ A 
oy 
4 ne - is al ae 
: > SON ERT i 
. 
/ * . \ 4 , 
Up . ’ : A . © 
a : “ + : vi i Sy ' 
eae! 5 \ 
\ 
: « a ' 2 
F , 
‘ R og ‘ LGA ie ae fe j 9) indy 
, ij ge ‘ eR 
: ' / Pt ap BR ie RS hr oe 
. x vay hs iL Ves eta ne BOS MIEN IRS Drm VE 8 Sy 7 = Be 
ral t) , 6 }! 
; 2 j ‘ ae Cie aa hee * ; , 
: 1 r eg ot . pe i (fe ed oa Lies ota 
: . : fs carina, ak oe > Pig We toad, Pe es 
p oY eer) ‘ } oh deb TOR): SNP RAD fe Sod, fi Fateh: TULA ¢ 
f ¢ : \ . 1 Ons eo h. ‘. 
aN Ky t 4 rar” * 
4 ; : etre 
. . 7 ¢ 
‘ ay ; Hee 
ie ey Lee ‘ 
: et * ‘ i a t 
. me . : , ‘ave . ; 
pany Bae A a AS ee ee Sth gee 0 TH hh seas ibis ein 
1 Pee ae > pie fame, Les 7 
: se 7 ior ee semcne tani gnaneha sirens erdiboremely ania 
" . ’ - ei a oe wR he 
: 1 j =, i Se ei c 4 
a ) eee es a i! . 
: ¥ jin ty Wi Pall ‘ ee aay ee AS +4 
. nde’ 5 . - aere aee , 
Ent ’ ee aie ; woud 
A f . , eh: ‘diy 
riv Vga ty a a 
. ' % i nt 
. ' ip and knead tal ghdi ” name’ alah, Harem 8 «A 
. Ta 14 
« a da é 


re 


Big Maks 
aes 4 


a ef 
ye yp. wigs 5 a 
(R°+p“L") (G*+p8F) = PLC & Ee aga a te (_G My = (240) 
pL J E pC 
e) ge hy ie ~ . 
epic ii+s (R)- 3 ees, 242 (¢ )? 2 (G_)? ee |= 
comune Sy cs phtan d O i Se pu 8 po I 
POIs can be written in the form 
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: < ee 
= : MERE pe ee ae es i ois race ea 0 2 
Pee eee yep ic+ eR StS ee eae ) (242) 
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When, as was assumed, the series resistance and leakage con- 
ductance of the line are small compared respectively with the in- 
ductive reactance and the capacity susceptance, all terms in 
equation (242) after the third can be neglected. The expression 


Seo2r the attenuation constant then reduces to 


ee ee. oy 1 oe & 1 
Vee. i Be) tg soi 


Taking the aquare root the resuit is obtained 


a se + G eG L fay ) . a s i oe ae ae (243} 
2\/ 0 O4 / ct 3} 


The above shows, that when inductance is added to a pine 
and the conductance is agsumed to be zero, the attenuation consteri 


assumes the following epproximate value 


eee fo (244-4) 
<a) ames 
This can be written 
/RCo R { mee 
a= / i ea 244073 | 
Comparing this to equation 213, it is seen that X is rec 
by adding inductance, as long as the ratio ate less than 


p(p = emf), 
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As it is not porcikle vo ~aterially imerease the inducatance with- 
eut. also adding resists..72, the resistance of the circuit is also 
increased and the penefizrial effect of tne inductance is partially 
orfset by this increase in the resistence. It is, however, prac -~ 
ticable to get a material net benefit from this addition of induct. 
ence of "loading" as this addition has been designated. If the 
conductance is not zero, the attenuation constant is by equation 


(243) 


ese Gi (243). 


This can:be written also 


oe. ae i + 35} | (243-a) 
In the last formula 7 is called the "damping constant" of the 
series constants of the line and .G the “damping constant" of 
the shunt constants of the line, oF it is seen that the attenuation, 


enc, therefore, the line osses are proportional to the sum of 
these two damping constants. 
The corresponding value for the wave length constant is 


6 = “ph /CL (245) 


ema the velocity is 


/CL 


The attenuation as expressed by formula (243) is inde- 
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pendent of frequency. Actually, however, the atitenv 
loaded line varies with pee nenay largely because the resistance 
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-85- 
frequency and also the Per Resenee increases with frequency .- 

Pt te pe ecticeu.>s oO add inductance uniformly to a line. 
This is generally done 27 wincing eround the conductors a layer 
of iron wire or tape. Tue amount of inductance which can be 
added practically in this manner is, however, limited, for 
many tek a tl much better. method of increasing the inductance 
of the circuit is the periodic insertion of inductance coils in 
Pee ClrCuit.,. (much an addition of inductance is referred to as 
"lumped loading" * to distinguish it from the-uniform loading 


described above, 


/ 


*Note: for treatment of theory of hoading --Refer to 
"Tronesation of Bilectric Currents Ln lelephone and 
Telegravn Conductors", Jin Crem ae, Chapter LVy Philos- 
Operee. Meeezine, Vol. V, Page 319, March, 1903; G. A. 
Campbell, Trans, A.I.ES., Vol 16, Page 93, 1899 and Vol. 


NRvII, Page 445, 1900, M.L. Pupin. 
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2.  Lumped Loading. 


Pigure 43 illustrate. the application of lumped loading 
to a Cable circuit in which the length of cable between two adja-~ 
eent loading Goils is representecs by a network consisting of the 
lumped Peer ateuce ene capacity of the section of cable. In the 
Case oF telephnone cables such a netvork is a fair approximation 
Po, BeCt2ons, Or Gable up to a mile or two in length. Figure 44 
represents one "loading section" of the loaded circuit, which 
loading section is terminated at each end in a "half loading coil", 

Substituting in equations (92) and (93) the correspond- 
Pye Values tor the circuit of figure 44, the ratio of the currents 


at the tvo ends of the section is 
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TOpedplity the consideration of this equation it. rildi 


be assumed that R can be eliminated, This then reduces to 
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ms Eph Leet AeA 
: eg tf in (pe Le (248-2) 
2 Boe ZL. 
Dividing by ~j — 
pc 
12 ir 
a are sy 2 
1 - baer OM geen? GON drotat Cea *  (248-) 
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Equation (170) showed that the resonence frequency f 


for a combination of L and C is 
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Substituting this value for /LC in equation (248-b) 


and remembering that p = 271 f, the expression is obtained;- 
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AS long as f is less than ef, the term under the square 
root Bren ac pOscetave, Fi f is greater than ef... this term be- 


comes negative and can be written:- 


/ A 
/ or ( ia 2 weed = j P a 
V/ | af) ] i a ee 


Equation (250) then becomes f.r f greater than 2f,, 


eoL) 


-. ul - 3 ) - ee he Oe ies (252) 


Referring to equation (250) the magnitude of the de- 


nominator is:- 
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epoees ? ee) | ; 
ps Hs y el., 

= 7 Es ae is ae aie 
ee ee) ae et (203-2 
f ares. ee Ailey? ) 
hes (253d) 
For frequenwier ess then 2f,, "h, equals AS ears nn ere» 6 


tude but differs in phase. 


ee 
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co 


Por f = 2f,, the Yratie becomes 


-o ats (254) 


and Io is therefore equal to ZI, but is opposite in direction. 


Por gre sor 
For f greater vunan cfy, the denominator of equation 


(252) becomes greater than the numerator, or I, is less than Ij. 


for f = 3f Tene = 146 I 
Seah iy Qnae 1 
© £ = 4f, In = Ty = ,Ov2 I, 
139 
Rema (Ek 
fs ron a 
f 3 5f.. i. ae 044 I, 


From these expressions it is seeiu that for all frequencies up to 
a frequency of f = af. the attenuation i8 zero, while for fre- 
quencies beyond that value the attenve*: 2. 18 very large. By 
taking f = 2f,, this frequency, which is called the critical 
frequency of the loading, Pas is obtained: 

fo = phan bE " 

a Samana (259) 

Where LZ is the inductance of a loading coil and C is the total 
capacity of the length of cable tetween adjacent coils, i.e., 
the capacity of a loading section. If the coils are spaced S 


‘miles apart and C, is the capacity per mile, equation (255) be- 


comes ;= 


Cc arr sat = net erat en oer 


n VLE 


(256) 
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| It is seen that a system of peniseic 1Unped loading 
will transmit all frequencies up to the value given by equa-~ 
tion (252). For frequencies below this value the lumped load- 
ed system can be conside:2d, in the ideal case, the equivalent 
to the uniformly loaded system of the same inductance per mile. 
This relation is modified, however, by tie resistance of the cir- 
cuit and loading coils, which was eliminated in considering equa-~ 
tion (244). This resistance causes attenuation for frequencies 
below the critical frequency and also causes the attenugtion 
to iricrease aS the critical frequency is approached. For fre- 
quencies up to about 80 per cent. of the critical frequency, 
the approximation of the lumped loaded to uniformly loaded lines 
is very close. For the lumped loaded line the range of frequen- 
cies below the critical frequency is called the free range and 


the line is said to "cut off" at the critical frequency; that is, 


its transmission stops at that frequency. 


The velocity of propagation of the current along the 
line expressed in terms of the number of loading sections passed 


per second is given by the following (refer to equation 246). 


ioe (257) 


Where § is the distance between loading coils in miles, Cm the 
capacity per mile of the line ani I, the inductance of a loading 
coil. 


The critical frequency can chen be expressed 


oe t ee (258-a) 


sand (258~b) 
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3 Since = is the wave length at the eritical fre- 
quency, this wave becceh 45 Te Woadine section long, or there are 
MN loading coils per wave length. For all frequencies below f,, 
there are more than 7¥ coi..s rer wavé length. This is another way 
of pea ine the condition “cr lumped loading being equivalent to 


uniform loading. 


Referring to ¢guation (256) 
| ee ' ‘i 
; ty (256) 
eas oe 


It is seen that f, can be controlled by varying the product L 5 Cy, 
or since in any circuit Cy is fixed by varying L, the inductance 
of the loading coils, or §, their spacing in the circuit. In lay- 
ing out loading for telephone circuits, it has been assumed in 
many cases that a critical frequency o2 2,200 cycles gives satis- 
factory transmission. If this value is <3, the product LS Cy is 
fixed. 

fee ee aL = BAOd approximately (259) 

WS Cy 

For this critical frequency, the circuit is said to be 

loaded to a velocity of 7000 "loads" per “second. The product of 


iS Cm is fixed bat the ratio of ee can ve varied. Referring 


h =id¢! 
to equation (239) this srows tnat tne characteristic impedance 
eo. * Pee toe convo l led, send nenoe the ratio of Line 
C 


WoOLbake Lo CUrreny and So the losses in the line. For large 
values of La large values ci ocsl ii..uctanee are used vithua 
Snort spacing. For lower values oi 42, tne inductance of the 


Loading coils iS decreased and the Soecing increased. 
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From equation ,259) the spacing to be used for any given 
inductance of loading to meet a given critical frequency is;- 
gs = se RIND ar a! ( 260) 


2 * 2 2 
We SS aaa -’ Z 
y aad Ca jf ne L Om 


Thus the inductance is-fixed by the desired impedance of the line 
and § is then determined by the above equation. 

Since the loading coils introduce resistance into the 
circuit, their, loading effect is offset to some extent by the 
losses in the resistance of the coils. For any given loading - 
coil structure this resistance increases with the inductance, 
This factor, together with the cost of the coils, makes it 
usually uneconomical to add the amount of inductance required to 
attain the condition for the ideal distortionless line when 


RC = LG. (Refer to equation 209-+b). 
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36 Pilters. 
The property or the lumped ioaded line of transmitting 
all frequencies below a predetermined frequency and of presenting 


beree attenuation to all Trequencies above this critical fre- 
guency is wbilizéed in networks of inductanse and capacity in caé.2¢ 
where such discrimination oetween ranges of frequencies is de- 
Sired. .Networks which can be so designed as to.discriminate be- 
tween frequency Pances (are Called Triitvers".% Guch a periodic 
network, which banca sis of series inductances and Shunt cavaci- 
Paes" aS BHoWwn in: figure 45. It corresponds closely to the 
lumped loaded line ciscussed above, and the treatment of the load- 
ead line on the basis that the line constants are lumped applies 
merectly to the roi: of Ligure 45.) In pccordazice. with the for- 
mulae deduced for the lumped. loaded line, this network can be de- 
Signed to meet any given critical frequency and impedance. The 
filter shown in figure 45 is called a “low pass filter" because 

it transmits the lower frequencies and eliminates the higher 
frequencies. 

Figure 46 shows a periodic network in which the series 
elements are Capacities and the Shunt elements inductances. Suc 
a filter wall present a high attenuation for all frequencies be- 
low the critical frequency and will transmit ali frequencies an. 
feos frequency. Guch a filter is called a “high pass filter". 


Its critical frequency is given by the following formula: 
= 7 

4. fe 
* NOTE: For a.discucsion of wave filters refer to: 


Deo ere em NO. wl, ey, Lad (May 22; 1917} 
G.eA. Campbell. . 
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C (261) 
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are known as "band filters". 
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T=.) TELEPHONE TRANS os TON 


The problem of telepioze transmission is to 
over the telephone system so tnat the sounds celivered at 


“~ 


will be sufficient in volume to se easily heard and will dear 


"elose resemblance to tiie sounds impressed at tie tranenitting 


readily recognized. 


/ 


transmit speech sounds 


receiving end 
sufficiently 


Pe ee br. 
SG 60" DS 


Practical telephone systems, because tnueir efficiency is in general 


! 
materially below 100 ver cent., co not deliver 
Volume of sound as was impressed upon tne tras: 


of the system varies wit 


sounds. 


two factors, volume and distortion, together witn the extraneous interference, 


in the room waere te 


such as noise on the line and noise 


located, affect the decree of s 


Uais degree of satisfaction is referred to as tne “qu 


system. 


Pymeerciual service it is cart or 
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telephone set is 
wisfaction obtained in the use of the telephone. 
ality" of tne tele sione 
AS a Certain grade of transmission has been found to give satisfactory 


tie transmission vroclem to establish means 
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extremely complex. For undistorved transmission tuey require a circuit capable 
of transmitting with equal efiiciency all frequencies from about 100 to 6,000 
cycles. Serr shee hewever, sasily intelligibie spsech can be obtained with 
a circuit transnitting a band of frequeicies between 200 and 2,000 cycles. The 
extension of this band to higher irequencies inecreasés, of course, the ease of 
understanding the sounds. At the present time, hovever, economical and prace 
tical considerations do not justify the use of a much wider band than 2,000 
cycles. Improvements in tne system, however, may make desirable an increase 
in this range. 

Speech sounds may be roughly grouped into two classes, vowel sounds! 
and consonant sounds. The .fundamental sounds of the English language, s0 


grouped, are listed in the following table. general, vowel sounds can be 


| 
tS 
: 


Sustained while consonants are more transient in their nature, being used as 


methods of starting and stopp 


tion of the Fundansntal sounds 
ie 


Raglish speech 


Classifica 
a) 


ei Sounds Key ‘Jord Consonant Sounds Key Word _ 
a top b ball 
a | tape ch sian 


e ten i. fall 


A ipisqula wes 
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a t ‘ 4 wy Prey: yen 47 


pee erien arom Wee 
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: : Totals 14 vowels 


22 Consonants 
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Consorert Sounds 


Key Word 


old 
hence 
jump 
keep 
look 


man 


say 
ship, asure 
then, thin 


ten 
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es Telephone Circuit 
AS aS known, tne els 206 circuit overates by converting the sound 
Waves into electrical waves, tre:suitting the siectrical waves and then con~ 


verting these electrical waves into sound waves. as these-vaves are all 


practically impossicle to use them directly in 


wm 


complex in their nature, it i 
dealing with transmission problems. It has been found that most telephone 
transmission problems may be handled on the basis that the speech waves are 
equivaient to a combination of a number of alternating currents of different 
frequencies. This makes the telephone transmission problem one of trans- 
, 

mitting a band of frequencies. Tue efficiency of a telepnone cireuit is then 
investigated by determining the efficiency with which different frequencies 


on 


in this band are transmitted over the circuit, and many problems can be satis- 


factorily attacked on whe basis cf using a single freauency as representative 


of this range. For purposes of comparing the volume of speech sounds received 
over two circuits, it has been found that in many cases the transmission over 


tee circuits of. current of about 600 cycles is indicative. 


Cc 
1p 


Ali telephone circuits involve at iecss three elements, the trans- 


Witter, the receiver, and the line connecting tae two. In practice at least 
two other elements are generally involved, a substajion circuit to provide 


eificient two-way transmission, and a circuit for »roviding direct curnent to 
energize the transmitter. 
Le Transiiitter. 


Bea 


ihe ~Pansmitter is a2 means of converting sound ersrgy into electric 


energy. The usual. device employed for this purpose 
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consists of a diaphragm on wiich tne sound wavos impinge and which, by its 
Wivrations, changes the resisvcice of carbon contacts by varying the pressure 


-on these contacts. These contacts being in a direct current circuit, change 


the resistance of this circuit ard cause variations in the direct current. the 


a 


-Wariations in the direct current are thus, in the ideal case, proportional to 


‘ 
1 


‘the variations in the sound waves. 

The direct current can be looked upon as a means of energizing the 
transmitter. ‘Ts function, consequently, is in a way similar to that of the 
ficla current of a gensretor. in a transmitter the measure of efficicncy i 
‘is the ratio of the varying electrical power output to the power of the sound 
fas striking the diaphragm. in gencral, in commercial carbon button trans- 
mittors, the electrical output is greater than the sound power input, that is, 
“the transmitter is an amplifying device. In studving telephone circuits, it 
a8 convenient to consider the transmitter as a generator of varying currents 
with an internal resistance. 

A. Roceiver. 

ime recciver 22 a device for converting electrical energy into sound 

of wire around a 


energy. The receiver usually employed consists of a windin 


Meenet arranged 60 ~natjcas the current through this winding 
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ponding changes are produced in the field of the magnet. This field ¢nanges 

we attraction which tne magnet exerts on a diapiracm, causing the latter thus 

to vibrate in accordance with tne current variations and to produce sound vi- 
ss; 


brations in the air. This type of receiver can be compared te the a.c. in- 


}- 


Guction motor in which the diaphragm correspoxas to tue rotor. 
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5. Substation Set. 


oH 


Im addition to the fact that jhe telephone trensinission 


eirouan, Oli ters from thé power circuit. in that it is required to 


4.3 


transmit a band of frequencies instead of only a single frequency, 
the telspnone circuit is a two-way circuit. it must b= possible 
to talk and iisten at the same point. It would, of course, be 


possible to set up two complets one-way circuits to operate in 


opposite directicns between two points and so provides two-way i 
transmission. This practice has been adopted for some of the 


toll circuits, but in view of what can be accomplished with a 
two sway Civeuic, 1% is Wneconomical, in general, to employ two 
one-way circuits throughout the telepnone plant for the circuits 


' 


between the subscriber and the cent:al office and for the local 
trunks betvveen certral cffices not widely seperated. 


Tne substation set provides a means of carrying on 


9 


two-way conversation over two wires witnout any manipulation on 

the part of the telephone user to switch the circuit for trans- 
mitting at one tims and receiving at anvuther. A substation cireuit 
which permits this t= fle y operation is calisd an "invariable" 

set. 

The simplest form of a suostation set is mereiy a trans- 
mitter and a receiver connected in series and the combination 
connected ‘to the line. This arrangement is shown in Figure 4 
Some arrangement needs to be provided for supplying cirect current 
to the transmitter. This can be done, dy placing a battery in serie 


with the line and sec. 
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190 
Assuming that ~hne impedances of these three elements, 
the transmitter, recsiver and line ave all ture resistances at 


- 


telephone eet ies, consideration will be given ta the require- 
; F 


Mees Of the circint and their effect on the design. For maximum 


power trausfer between the line and the set, the two should be 


equal, that is 
Ie eR (262) 

In transmitting, the transmitter can be considered as 
a generator of internai resistance "T" which serds current through 
the receiver and the line in series. The power delivered to the 
receiver in this case is wasted in so far as transmission to the 
far end of the line is concerned. Aiso, om rsceiving the trans- 
mitter is in series with the receiver znd the power delivered 


the transmitter is wasted, 


The transuitsing efficiency of any substation set is 


defined as the ratio of the pover actueliy sent into the line from 
the transmitter in the set to the maxinum power that could be sent 
ince a tine by the transmitters 

miiariy, whe receiving efiiciency of a substation set 
aS Gdelined as tac ratio of the power actueliy sent into the receiver 
of the set from the line to the maximum vower that could be sent 


into a receiver vy the line. a 


aK 


; 
The concition for maximum power transfer, as has been shown 


requires that the generating element be equal to tiie elewent to which 


power is to be delivered. This recuires thet on transmitting the 
line be equal to the transmitter, and on receiving the receiver be 


equal to the line. For the simple series set of Yisure 47, this 


*, aoneng te ee ttt ater 
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aOR 
would mean that the rece*ver would need to have zero impedance when 
the set'is used for tiansmitting and ine transmitter have zero 


impedance when the set is receiving, 


The tranemitting efficiency then follows: 
Brae pate ee 
T+R+L )2 (263) 
and for the receiving efficiency the expression is obtained 
F -~-4 LR Z 
i (T+R+L)* (264) 


Since by equation (262) R+T <= L, it follows that 


Pies eT - 
T = ( 265) 


Ae. _ Ee Te 
e esac) a « 
Le ( 267) 
In Figure 48 the total efficiency F is plotted against the ratio 
a = gill from this plot it will be seen thet maximum tota? 
R 
efficiency is obtained when 
SUM y SS PRR { 268) 
For this condition, =t+ follows that 
Pats. F - 
iy RS = ( 269 ) 
F ee ¥ = 
TRR =e (270) 
Of the total power generated on tr.nsinitting, one-helf is 


delivered to the line. In receiving, of the pover celivered to the 
set, one-half gets to the receiver and one-half is vested in the trons- 
mitter. Thus the pover efficiency of the set in transmitting is 59 
per cent. and likewise 50 per cent. on receiving. The combined troms- 
mitting and receiving efficiency of the set is, therefore, 25 per 


cent. which is the maximum possible to obtain with a@ t-vo-way set. 
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well as resistance, so t 5 
actances can be neutralized to c 


pa nov possi pie, 
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most lines have reactance as 


tA 


unicss the ree 


. 
on 
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the maximum (25 per cent) 


This result might possibly 


be accomplished at one frequency, but there is no practical way 


of neutralizing the reactance at all telephone frequencics, SO 
that actually the efficiency of a set is much belaw the meximum 
- that is theoretically possible. 

It has not: been possible to construct & commercial trans- 


Gi. 


mitter of suitable efficiency which has resistance as great as 


Mert ot the dine impedance. Por this reason a transformer or 


induction coil 2a Scnerally used in telephone sets to step up 


oe aS 
pee at Ft 


the idmpcdance of the Smitter so as to approximatcly fulfill 


Picmmpedancc CrOauLrcements elwer above. 


The simplest casc of such usc is shown in figure 49 which 
gives the circuit, for tho tid: local battery substation set. 
Hetewptempranotormer is usea to step up the impodance of the 
transmitter. The impedance of tio receiver is approximatcly 


hole coo Neoiinpcoenco Wwithiort.a transformer. 


* 
re 


The induction coil in the standard common battcry substaticn 


eet, snown in figure 50, is more complex ini effect. but tits 


circuit is designed so that the inpedance of the transmitter and 


Tete vervorc saimeceq to the line, Tine. condenser in the cirenis, 


in addition to preventing the direct current supply for the 


Sol aia ay 


WJ a ae 


transmitter from flowing ugh the recciver, also compensates 


TOr wine oor TNC Anauc tive Toectance of tho Pacciver, 


» d ae ¥ / f “ 7 ee ba vrap: 
“ rf \ { ; bey ry ie 
‘ ‘s = A! “a Ai alas) 8 i 
i {4 Mee “Wee gs) 4 eh 7 
‘ yb Sa ae Aad ie, \ A he ER aT 
; : : ’ ry * 
PS a : . ; ; | t " } Al ; 
. ' " 7 ‘ i ‘Pp idee, } { 
- Wa 
; ; ( 
, ~ Wp Ms Oe i i MF a6 
‘ ae eee mi) ‘STA e 
‘ - 
x P ? 
. une h a ri ' 
¢ mr ae Bat ‘ fy ’ ie 
= i 
~ 
A x 1 iy og hee ae f 
; i 5 io 
; + - ; 335k x ) 
2 i 
j 5 ie 
yak ht af 
F f Cy a : Ss 
‘ Y 
\ fo a 
j re fy shy h 
i ¥ 
~ 
5 \ 
; . 
“ F 1 
’ 
| 
, 
; ‘ 
+ 
. r , . ‘ 4 
‘ te 
‘ 
. 
Y 
: 7 ty a h 
» 
: i> 
t 
5 * 
tes 
’ fmt 
hice: 
> 
' % : r o 4 / 4 
i a é | ad 
j . 
cs WN , 
4% ‘ » 
ree a . ees 5 " 
Y] i a” *y im 3 /, J } “4 
‘ ’ 
- we = 
i! 
nm A rT 
e t! as | * 
Pap & jy 
* ' . 
5 
' at 
? | 4 ’ y 
i © } 
‘ ¥ l ) - 6 
, ' meth Pee ak at 
1 il be i , Wet j 
‘ Pe 1 of va Adon lt ee Ee ey 
’ y : b i ria 
nie hey i GRY e ay a of 
LY ho Re aa air oy 
if ; ’ 4 ki Nas , he a 4 eri ‘a oe Wl) 4 y 
RS ‘ - 4 A DE AP eo Ae BB ee F Bet eet ak yar is fA 
; ; ie a Seay (ey iA 
- «= ' = S i - 4 RT Ey 


Peele ee LAL 
emt eer 
ce 


helo % 


Tt will be noted thet o: tr-..cmitting a fourth of the total 
energy Spenerecea 2s dolls 2c. te the rceciver of the transmitting 
set, and CAaUSCS tne Yecci ses to operate. This operation of the 
receiver in the trensmitting ect by the current generated by the 
transmittcr is Called “side tone". | 

This side tone effect is at times objectionable in that 
noises in the room excite the transmitter and produce sounds in 
the recciver, Furthermore, the speaker talks in his own ear, 2» 
Te Ow celis) very. Loud this may be uncomfortable to his car. As 
whe efii¢icney of the transmitter and reccivor is increased, theec 
errects become more serious. It is possible to reduce and in 
Some cases climinate this effect by the use of what is called an 


WontiesSide tone set." Such «= sc. is standard for opvorators! usc. 
p 


mace Sbanagerd operator's sct cireu.71 is ehown in fieure 55. 
This condition of having a tvoeway circuit in which the 


transmitting clement 4ocs not aficct the recciving clement is 
important in any relay or ropeator in a telephone or tclegraph 
Circuit. “The principle of the anti-side tone telephone sect is 
Pieveeme ee that of the telephone repeater cireult and of the 
telegraph duplex set. All of them arc analogous to the Whcatstor 
bridge circuit which Bas been discussed previously. 


Refer now to figure 51 which is thc same as figure 26) tread 


previously. -I[t is known that if 


R! R! (86-a) 
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Weiter ceme a eulco 208. tol cltornmating current and ime- 
WGcencGes SO CIrcult. 5h.can ic cian: Go civeuls 52, in Which 
the receistances have-ocen x Seen Oy ampedarces. The relation 

ne Ty nt (271) 
2 2 
Moroes neo whiten’ tan Glso bo wWritton 
i 
AEA le a A en she) 
Sie peyre stice 
Pomme mrt LCavlon merce Boy Se Bt and’ Bo eyo, 
: 2 ) 

Ue Tseure 53 a transmitter T has boon substituted for Z4s 

a rocciver R for Bray line L for Z.,, and impddance N for Z, 
~ ke 
and inductive rcactancos Ay end Ke wfor 2.) ahd 2! . 
| 2 2 eS 
Then if, 

sat . 

mee 

a i (273) 
MGwewcrenr wii. Tlow i the “oceci cr R for a voltage 1n the trans- 
matter -T. 

Figure 54 shows the two inductaness replaced by two cqual 
transformers and figure 55 coubi:.es these two transforrors into 
OMe With the middle point brovgru out of the sccondary winding. 
The latter arrangement represents the standard operator's set 
Tee wos) is prectically the samc circuit as is :used in tcle- 


‘phone repcaters, 


[Renae roacuction of the fourth element N 


whien is in 


scuel 


impedance to the linc, makes possible an arrangement in which tc5 


anti-side tone condition is obteincd.* 


is inherently just as cfficicnt as 


Purthnermore, thie  Gireiw ; 


the side tone circuits, thet 


*NOTE: For a comprehc:itive discussion of substation circus 
Perey to. 8 Dooce Mrescnted before A.1T.B.E., February 
19,1920, entiticd, "Maximum Outout Networks for 
Tolosnone Substation and Rovceatcr dircuits," by 
Den VERO GRD Li taeds SiC, OR bers 
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50 per cent, im transmittiug ana 20 icr cent. in reecciving. In 


transmitting no power is -.°."e" (9 tue receiver but is delivered 


to Land N. In receiving oro vbc Vine no power is furnished to 
N, but is delivered to T and hk. in the arrangement shown, for 


maximum cfficicney ‘the impddance ov R shovld still equal one-half 
L. Since the number of turns on the primary winding can be 
changed without affecting the balance of the cireui}, this primary 
winding can be adjusted to meet any resistance transmitter, 

| As was pointed out in conncetion with the Wheatstone bridge 
T and R can be intcrchanged without affecting the balance. 
6, Standard Reference Circuit. | 

The simple tclephone cireuit shown on drawing No. 38-¥-724 
has been adopted as a standard to which other. telephone circuits | 
can be compared in ordcr to deoterm nc their efficiency. The cir- 
cuit consists of .two Standard common battery substation sets 
connectcd through two 25-4 rencating coils to an adjustabie length 
ot artificial cable. The . voc:tetion so*s use a No. 229 standard 
eremematter, a No. 122 etearndezd rocociver, a No. 20 standard in- 
duction coil and a 2emf. condenser. Twenty-four volt battory is 
supplicd to tho transmitters through tiac Yo. 25-A repeating coils 
to which the sets are connceted, | The arsi civial line represents « 
standard No. 19 gauge cable having 88 ohis vusistance ani .054-mf, 
capacity per loop mile. The attenuation constant of this cable 4«% 
800 cyeles is & = .109. 
In detcrmining the efficiency of a telephone circuit in 


terms of this standard circuit, both circuits are talked over in 
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turn and the amount ot artificial cable in the standard «ircuit 
is adjusted to give equal reteived volumes of sound over the 
two circuits. The amount of cable inserted in the standard 
circuit to give this bail.ance is then stated as the "transmission 
equivalent" of the circuit tested, The equivalent of this cir- 
cult is thus expressed as a certain number of "miles of standard 
cable", 
sane etrect of any change in the circuit tested, such as 
the insertion of a picve of sable or a relay, or the substitution 
of another transmitter or recciver, can be determined by the © 
change in the ]Jength of artificial cable in the standard CiTcuLt 
required to obtain a volume velanuc. if this change has resulted — 
in decreasing the volume of sound received ovcr the circuit under 
test, tlic emount of artificial cable in the standard circuit 
will need to be increased for the new balancc, say by 1e5 Miles. 
The change is then-said to cause a "transmission loss" of bed 
miles of standard cable. Likewise, a georones in the length of 
artificial cable of 1.5 milcs would signigy e transmission gain 
of 1.5 miles. In this way the transmission efficiency of any 
micce Of apperatus or linc in a tcicphone circuit can be expressed 
in terms of the length of standard cablo which, when insertcd in « 
trunk of standard cable, causcs ti.c same change in the reecived 
power. | 
From the consideration of the inscrtion of impedance clements 
into networks, it is evident tha che magnitude of the “trans- _ 
mission loss" caused by inserting any piece of apparatus of line 
into a telephone circuit is dependent upon the impedance charace 


teristics ofthc circuit in which it is placed and so the 
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loss will vary with c0 ¢ veit, st is, therefore, in general, 
necessary to specify ti, oF sica 8 COD which the loss duc to a 
particular piece of apparatus applics. In some cases, the possible 
range of variation which -°n bc chtainod under practical conditions 
is small and a fixed valu: can be chosen for the loss which can 

be used aS a closc approximation for ail condition mct with in 
practice. | 

| The basis for eee caatnk the transmission efficiency of a 
picce of tclephenc cquipment, as ™" milcs of standard cable, is 
that the picce of cquipment causes a reduction in the power re= 
coived over the circuit in whieh it is placod, which is the same 

as the difference in the amounts of powcr at two points along a 
length of standard cazlc "n® miles apart. The ratio of the amounts 
of power at these tio voints is equal to the square of the ratio 
cong the currents at ticec swo points, anc it has been shown that 
this eurrent ratio e0.. .> exvresscd in terms of the attenuation 
por milo of the circuit, thet is 

2 . =n (274) 

: k 

. The square root of the ratio of tho amount of power received 
" ever the telephone circuit with tie picce of equipment in the cir- 
cuit to the amount of power reecived when it is not present, has 
been callcd the "equivalent current ratio" and used as a measure 
of tho change produced in the circuit. From this equivalent 
current ratio, the corresponding attcnuation @n be obtained. Thic 
attcnuation divided by the attenuation constant of standard cabic 
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particular froqueney gives the equivalont mites of stendara cablo 
at this frequency. Whoro the transmission problom is dealt with on 
® Gingac Irequcney basis, it is customary to us6é the attcnuation 
constant of standard cable for 800 creclces, and the cquivalcnt is 
thus obtained in. terms of “miles of standard cabic at 800 cyclcos," 
or "800ecycelc milcs," 

TO simplify the work of cbtsining this cquivaicnt in torms 
of milcs, the attached draving No. 701-8740 has beon prepared 
which gives dircctly the number of "800ecyclc milos" which corres~- 
pends to any given curront ration. 

Z@. Distinction between Tclophone and Povcr Transmission. 

As has becn indicatcd, the tclcphonc transmission problcm 
differs from the powcr transmission problem in that the formcr in- 
volvcs tho transmission of a band of frequcncics and, in goncral, 
& twoeway circuit must bo provided. One othor fundamontal dis- 
PAnctiaon botwocn the two is brovgsht out by the discussion of 
efficicney and maximum powcr transfor. 

Tae 2UNCtIGH of the vover s7vstem is to supply e given amount 
of power at a given point at a iad tum cxpenscs With the Low fre~ 
quoncics involved, it is practicab.c to make the linc losses low, 
Since the main cost of dclivcring tho given amount of clcctical 
power is the cost of generating po cr at the power house, it is 
necessary for cconomy to kecp the ratio of dclivercd to generatcd 
power high. The powcr plant is thereforc designed so as to kcep 
Geyn tne cost of running the prime movers which are turning ovcr 


imc generators. Aliso, in the powcr systom, the endeavor is to 
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supply @ fairly constant volw;c 25 ail points along the system 
and, therefore, the voltage drop in the generator should be kept 
low @o as to maintain the . "7e 2t the load terminals independcnt 
of the toad. 

In the telephone system, the power of the prime movor is 
mie Doves 2n the speech sounds. This is under the control of thé 
user and not of the owner of the system. It is neecssary to fur- 
nish the telephone subscribcr.with a means for converting this 
speech power into cleetrical power, that is, thotransmittcr, It 
a2, of coursc, important that the transmittor carry this function 
out as efficiently as possible. The problem then is to gct as large 
an amount of this SLueoura cal power from the transmitter to the Lanrc, 
and, aftcr having transmitted it over the linc, to get the maximun 
SMmount into the rccciver at the far ee The line losscs are, 
in goncral, nocossarily Largc and the impedance of the rceciver 
has practically no effect on the poror put into tho line by the 
Prencmivecte: Thus, the mattor of obtaining the condition for 
maximum power transfer from onc clomont to anothor in the circuit 
is of.grceat importance. | In tres powcr systom the rrogiem is to 
keoop dow the cost of supplyice a civen émount of powcr. In the 
tolephone system, driving powcr is furnished by the talking sube 
seriber and the problem is to dcolivor the maximum amount to sub- 
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